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CHAPTER 1. GENERAL INTRODUCTION 
	  
By 2050 the expected world population should be close to 9.3 billion people  
(U.S. Census Bureau). An increasing world population is directly linked to rising 
demands for food, goods and services. Fuel demands continue to increase to satisfy 
current energy needs. Fossil fuels are the primary source of energy and supply 80% of the 
total demand, 58% of which is used for transportation purposes (International Energy 
Agency 2006). However, decreasing oil reserves, rising prices and negative 
environmental implications have all contributed to growing demand for alternative 
energy sources, such as bioenergy crops. In recent years the demand for biofuels has 
exceeded production (Sexton et al. 2006). As a result, the balance between food supply 
and demand is shifting from surplus to deficit, thus global food security could be at risk 
(Cassman 2007). In order to avoid direct competition for commodity crops cultivated 
mostly in the most fertile soils, new alternative crops (food and non-food) have been 
proposed to supply the growing biofuel market demands.  
Ideally a good bioenergy crop has low input requirements (able to grow in 
marginal zones), fast growth and maturity, tolerance to biotic and abiotic stress 
conditions, and high productivity. Camelina (Camelina sativa (L.) Crantz) and 
pennycress (Thlaspi arvense L.) have been targeted as promising crops due to their 
potential to supply market demands not only for biofuels and animal feed, but also for 
industrial and nutraceutical products.  
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Figure 1. Camelina accession plots at the North Central Plant Introduction Station, Ames, 
IA. Photo by author 
 
 Camelina is an oilseed, commonly known as false flax or gold of pleasure (Figure 
1), that belongs to the Brassicaceae (Zubr 1997). Camelina is considered a promising 
feedstock for biofuel, animal feed, industrial materials, and nutraceutical products due to 
its unique oil composition, low input requirements and yield potential (Conn et al. 1998; 
Fröhlich and Rice 2005; Lu 2008; Pilgeram et al. 2007; Putnam et al. 1993; Vollmann et 
al. 2007; Zubr 1997). Camelina has high seed oil concentration (30 to 46%; Zubr 1997 
and 2003). Eighty percent of camelina’s fatty acid profile is composed of oleic acid 
(C18:1), linoleic acid (C18:2), linolenic acid (18:3), and eicosenoic acid (C20:1) (Putnam 
et al. 1993). Nutritional benefits for animal feeding (Hixson et al. 2013; Pilgeram et al. 
2007) and potential for human consumption are related to its oil composition,  90% 
unsaturated fatty acid, with a high proportion of essential fatty acids such as ω-3 (α-
linolenic acid, ~35%) and ω-6 types (α-linoleic acid, ~15%). The meal contains a high 
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level of crude protein, 390 to 470 g kg-1, exceeding most other oilseeds except soy (Zubr, 
2003, 1997). Camelina also produces glucosinolates, secondary metabolites used by 
plants as defense against pest attack (Fahey et al. 2003).  Sub-toxic doses of 
glucosinolates may potentially act as anti-cancer compounds in both animals and humans 
(Berhow et al. 2013; Fahey et al. 2003). Defatted camelina seed meal has an adequately 
low glucosinolate concentration suitable for animal feed (Schuster and Friedt 1998). 
 Although camelina has a high proportion of polyunsaturated fatty acids that are 
susceptible to oxidation, techniques such as hydro-treating and thermal cracking allow 
recovery of shorter, branched alkanes appropriate for producing biodiesel (Pavlista et al. 
2011).  Hydrotreated renewable jet (HRJ) fuel and green diesel (GD) made from 
camelina oil provide the same fuel efficiency as do regular petroleum derivatives and 
reduce greenhouse gas emissions by 75% (HRJ) and 80% (GD) (Shonnard et al., 2010).  
 In addition, camelina has desirable agronomic qualities such as low input 
requirements (Putman et al. 1993; Conn et al. 1988), pathogen resistance (Eynck et al. 
2012), drought tolerance (Conn et al. 1988), capacity to germinate in high salt 
environments  (Yang et al. 2013), and a positive  seed-yield response to N applications 
(Johnson and Gesch 2013; Solis et al. 2013). Camelina varieties may be spring-seeded 
and/or fall-seeded, thus supporting single- and double-cropping agricultural systems 
(Gesch and Archer 2013; Gesch and Cermak 2011). 
 Genetic studies of Camelina sativa have established that it is a polyploid (Galasso 
et al. 2010; Gehringer et al. 2006). Hutcheon et al. (2010) suggested that C. sativa has an 
allohexaploid genome, possibly resulting from intermating of close relatives, but its 
origins are not clear. Camelina sativa has a 2n chromosome number of 40 (Galasso et al. 
	   4	  
2010; Gehringer et al. 2006; Mulligan 2002; Warwick et al. 1999) and a genome size of 
~750Mbp (Hutcheon et al. 2010). Breeding in camelina has been limited, and few 
genetically improved materials are available (Manca et al. 2012; Vollmann et al. 2005 
and 2007). Vollmann (2005) used random amplified polymorphic DNA (RAPD) markers 
to survey the genetic diversity of 41 camelina genotypes and found low genetic diversity 
among them. In 2006, Gehringer et al. found eight quantitative trail loci (QTL) related to 
oil, seed, and plant traits by using amplified fragment length polymorphism (AFLP) 
markers. Hutcheon et al. (2010) took advantage of the high genetic homology of 
camelina to its close Brassicaceae relative, Arabidopsis thaliana. By using primers 
developed from A. thaliana specific for fatty acid biosynthesis genes (fatty acid elongase, 
FAE1, and fatty acid desaturase, FAD2), Hutcheon et al. (2010) discovered that the C. 
sativa genome had three copies of the same gene, and was allohexaploid, but the origin of 
the genes could not be attributed to specific genomes. Ghamkhar et al. (2010) surveyed 
53 different camelina genotypes with eight AFLP markers and found a high degree of 
variability between and within accessions, and suggested that camelina’s centre of origin 
could be Russian-Ukrainian. More recently, Manca et al. (2012) evaluated the genetic 
diversity of 40 camelina accessions by using microsatellite markers (simple sequence 
repeat, or SSR) that amplified one band; primers that amplified multiple bands were not 
used in their analysis. They partitioned 57% of genetic variation among accessions and 
43% within accessions.  
The second oilseed crop investigated in my dissertation, Thalspi arvense L., 
commonly known as pennycress, is also a member of the Brassicaceae. Although it is 
naturalized throughout the Midwestern U.S. as a weed, it has demonstrated potential as a 
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new crop for biofuel and industrial uses (Selling et al., 2013). Pennycress seed contains 
about 36% oil and is high in monounsaturated fatty acids, where erucic acid (C22:1) is 
the major component (38% of the total profile). The physical properties of its methyl 
esters are in a range that satisfies biodiesel-industry requirements (Isbell, 2008; Moser et 
al., 2009). Pennycress also has excellent bio-lubricant proprieties, low pour point value (-
21˚C), low wear scar diameter (WSD, 0.594 mm), and high viscosity index values (VI, 
216-218), all characteristics superior to common commodity oils (Cermak et al. 2013). 
The seed meal has biofumigant properties due to volatile compounds with potential for 
weed and soil-pest control (Vaughn et al. 2005). Pennycress has both spring and winter 
biotypes that may have a certain degree of cold-temperature tolerance (Sharma et al. 
2007). Pennycress could be used in cropping systems in a winter annual rotation during 
off-season production of soybeans (Glycine max (L.) Merr.) or as a spring crop (Isbell et 
al. 2008).  
Camelina and pennycress have already been introduced as new crops in the 
United States (Gesch and Archer 2013; Phippen and Phippen 2012; Vaughn et al. 2005), 
and both species have great potential. However, critical factors, such as adaptation, yield, 
agronomics, oil components, fatty acid composition, genotype-by-environment 
interactions, and genetics will strongly influence their feasibility as commercial crops.  
This dissertation takes an integrative approach to the study of camelina and 
pennycress as new crops. The dissertation is organized in two main sections: the first 
includes chapters 2, 3, and 4, covering investigations of camelina; and the second, 
chapter 5, discusses pennycress research. The main objectives of the first section are: 
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1. To study the performance of camelina germplasm in different environments in 
order to identify promising accessions suitable for different market demands and/or 
production environments, as well as to identify the effect of genotype-by-environment 
interactions on yield and quality traits (chapter 2);  
2. To assess genetic and phenotypic diversity by using molecular and biochemical 
markers in order to better understand relationships within and between accessions and 
any implications for potential breeding use (chapter 3); and  
3. To identify QTL for oil concentration, seed size and flowering time, to inform 
basic and applied research (chapter 4).  
The second section is an agronomic investigation of pennycress, mainly by assessing the 
effect of planting depth on agronomic performance (chapter 5). General conclusions are 
summarized in the final chapter (chapter 6).  
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CHAPTER 2. GENOTYPIC AND ENVIRONMENTAL VARIATION IN Camelina 
spp. GERMPLASM FOR SEED- AND OIL-COMPOSITION TRAITS 
 
Paper to be submitted to the journal “Industrial Crops and Products” 
Abstract 
Camelina is a promising feedstock for the biofuel, animal feed and nutraceutical 
industries, due to its oil composition. Critical factors, such as seed yield, oil 
concentration, fatty acid composition and glucosinolate content, will determine its 
success as an alternative crop. The objective of this study was to determine the variability 
of 35 camelina accessions from the USDA-ARS-NCRPIS germplasm collection by 
assessing seed and oil-quality traits, and potential environmental effects. Camelina 
accessions showed significant variation for seed yield (242-1907 kg/ha) and oil content 
(30%-40%) across environments and accessions. The results of fatty acid profiling 
showed that camelina oil is mostly composed of linoleic acid and linolenic acid (Omega-
3), oleic and eicosenoic acid. All fatty acid traits had high broad-sense heritability, 
between 0.74 and 0.93, and more of the variation was due to genotype and environment 
effects rather than genotype-by-environment effects (G×E). Glucosinolate (GS) content 
varied between 15 to 27µmol g-1 in defatted meal, slightly below the threshold allowed 
for GS in seed meal targeted for animal feeding.  
Promising accessions were identified within these accessions for fatty acid 
profile, oil content and glucosinolate content that meet the basic requirements for 
biodiesel production (long-chain fatty acids, low desaturation), animal feed and 
nutraceutical industry (low glucosinolates, low erucic acid, and high Omega-3 fatty acid 
content in meal). These may provide good sources of genetic variation to support 
breeding programs around the world for camelina crop improvement. 
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Introduction 
Camelina is an oilseed commonly known as false flax or gold of pleasure in the 
Brassicaceae (Zubr 1997). Camelina is considered a promising feedstock for the biofuel, 
animal-feed, industrial-materials, and nutraceutical-products markets due to its special oil 
composition, low input requirements and yield potential (Conn et al. 1998; Fröhlich and 
Rice 2005; Lu 2008; Pilgeram et al. 2007; Putnam et al. 1993; Vollmann et al. 2007; 
Zubr 1997). The primary values of camelina oil are its unique fatty acid profile and its 
high lipid concentration in the seeds. Oleic acid (C18:1), linoleic acid (C18:2), linolenic 
acid (18:3), and eicosenoic acid (C20:1) comprise over 80% of the camelina fatty acid 
profile (Putman et al. 1993), and reported oil concentrations range between 30% to 46% 
(Zubr 2003 and 1997). Nutritional benefits from animal feeding (Hixson et al. 2013; 
Pilgeram et al. 2007) and potential for human consumption are due to the high 
concentration of unsaturated fatty acids (90% of the oil composition) including essential 
fatty acids, such as ω-3 (α-linolenic acid, ~35%) and ω-6 types (α-linoleic acid, ~15%). 
 The meal contains higher concentrations of crude protein, between 390 to 470 g kg-
1 (Zubr 2003 and 1997) than Brassica rapa  seed meal with 360 to 380 g kg-1 (Scarisbrick 
and Daniels 1986). As is common for the majority of Brassicaceae, camelina produces 
glucosinolates, secondary metabolites used by plants as defense against pest attack 
(Fahey et al. 2003).  However, sub-toxic doses of glucosinolates may potentially act as 
anti-cancer compounds in both animals and humans (Berhow et al. 2013; Fahey et al. 
2003). Defatted camelina seed meal has an adequately low glucosinolate concentration 
suitable for animal feed (Schuster and Friedt 1998). 
 Although camelina has a high proportion of polyunsaturated fatty acids that are 
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susceptible to oxidation, techniques such as hydro-treating and thermal cracking facilitate 
the production of shorter branched alkanes appropriate for making biodiesel (Pavlista et 
al. 2011). Hydrotreated renewable jet (HRJ) fuel and green diesel (GD) made from 
camelina oil provide the same efficiency as standard petroleum does, but with the benefit 
of reducing fossil greenhouse gas emissions by 75% (HRJ) or 80% (GD) (Shonnard et al. 
2010).  
 In addition, camelina has desirable agronomic qualities, such as low input 
requirements (Putman et al. 1993; Conn et al. 1988), pathogen resistance (Eynck et al. 
2012), drought tolerance (Conn et al. 1988), salt-tolerant germination (Yang et al. 2013), 
and a positive seed-yield response to N applications (Johnson and Gesch 2013; Solis et 
al. 2013). Camelina can be spring- and/or fall-seeded to allow its use in single and 
double-cropping agriculture systems (Gesch and Archer 2013; Gesch and Cermak 2011). 
 Breeding activity in camelina has been limited, and few genetically improved 
materials are available (Manca et al. 2012; Vollmann et al. 2005 and 2007). Critical 
factors, such as yield, agronomics, genotype-by-environment interactions, range of 
environmental adaptation, oil and glucosinolate concentrations, and fatty acid 
composition of available germplasm resources form the basis for selecting genotypes to 
meet specific requirements for different potential markets. The objective of this study 
was to assess variability of the USDA-ARS camelina germplasm collection with 
particular emphasis on seed yield, oil and glucosinolate concentrations, fatty acid 
profiles, and the influence of the environment on the performance and stability of these 
traits, in order to identify promising accessions suitable for targeted market needs.   
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Material and methods 
Plant material and experimental design 
Thirty-five camelina accessions from the oilseeds collection of the USDA-ARS 
North Central Regional Plant Introduction Station (NCRPIS) located in Ames, Iowa were 
evaluated, including 33 C. sativa (L.) Crantz, and one each of two closely related species, 
C. alyssum (Mill.) Thell, and C. microcarpa Andrz. ex DC. (Hutcheon et al. 2010), 
representing 52% of the total collection (Table 1). Most of the accessions evaluated do 
not have sufficient associated information to assign a breeding status (Table 1). Because 
the non-Camelina sativa accessions generated observed values within the collective range 
of all traits evaluated, data for all 35 accessions were combined and analyzed together. 
Accessions were evaluated during the 2009, 2010 and 2011 growing seasons at the 
NCRPIS. The 2009 spring plantings were evaluated in non-replicated, screened cages 
used for controlled pollination and seed increase. In 2010 and 2011, three replicated 
plantings were evaluated, one planted during spring 2010, and one each planted during 
the spring and summer 2011. Each combination of planting season and year was 
considered as an environment. The experimental design was a randomized completed 
block design (RCBD) with three replications and three environments. Each plot consisted 
of six rows planted with a Hege 1000 drill/planter (Hege Equipment Inc., Colwich, KS) 
with 18 cm between rows and a 5 m row length. To minimize border effects, the three 
central meters of the four central rows were considered the experimental unit.   
Oil and glucosinolate concentration  
Seed-oil concentration was determined by pulsed nuclear magnetic resonance  
(pulsed NMR) using a Bruker Minispec MQ20 (Karlsruhe, Germany) with a 0.47 T 
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permanent magnet maintained at 40ºC and provision of hydrogen nuclei with a resonance 
of 20 MHz. The instrument was calibrated and checked with camelina standards of 
known oil content calculated from a known calibration curve with an R2=99.8. Seeds in 
18 mm test tubes were preheated to 40 ºC before analysis. After analysis, seed samples 
were dried using the AOCS method Ca 2c-25 (AOCS 1995) to determine moisture 
content and to calculate oil concentration on a dry-weight basis. All samples were run in 
duplicate. Glucosinolate (GS) concentrations of the most common variants, 9-methyl-
sulfinyl-nonyl glucosinolate (GS9), 10-methyl-sulfinyl-decyl glucosinolate (GS10), and 
10-methyl-sulfinyl-undecyl glucosinolate (GS11), were quantified in both defatted seed-
meal and dry-seed samples. GS quantification was determined by high-precision liquid 
chromatography (HPLC) and Quadrupole Time-of-Flight mass spectrophotometer (Q-
TOF LC-MS) according to the procedure described by Berhow et al. (2013).   
Fatty acid profile 
Gas chromatography of fatty acid methyl esters was performed with a Hewlett-
Packard 5890 Series II gas chromatograph (Palo Alto, CA) equipped with a flame-
ionization detector and an autosampler/injector. Analyses were conducted on a SP 2380 
30 m × 0.25 mm i.d. column (Supelco, Bellefonte, PA). Saturated C8-C30 fatty acid 
methyl esters were used as standards for calculating equivalent chain-length values, 
which were used to make fatty acid methyl ester assignments. SP 2380 analyses were 
conducted under the following parameters:  column flow 1.4 mL min-1 with helium head 
pressure of 20 psi; split ratio 50:1; septum purge of 4 mL min-1; programmed ramp from 
170 to 190ºC at 4ºC min-1, and from 190 to 265ºC at 20ºC min-1; injector and detector 
temperatures set at 250ºC. 
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Fatty acid methyl esters were extracted directly from whole seeds. Potassium 
hydroxide/methanol solution (0.25 M, 5 mL) was added to 4mL vials containing ~50 
camelina seeds, which were ground for 20 seconds with a Modular Homogenizer System 
(Cole-Parmer Instrument Company, Vernon Hills, IL) fitted with a 10 mm diameter shaft.  
Each vial was then sealed with an aluminum-lined cap and placed in a 65ºC heat block 
for 30 minutes, then removed and allowed to cool to room temperature (~25ºC). Methyl 
esters were extracted with 5 mL of hexane and washed with 5 mL of aqueoussaturated 
sodium chloride solution. Vial contents were mixed thoroughly and layers allowed to 
separate, before removing a 0.25 mL aliquot from the least dense methyl-ester layer 
containing hexane. The aliquot was diluted with 2 mL of hexane in a gas chromatogram 
vial and the sample injected (1µL) into the gas chromatograph under the conditions 
described above.  All samples were run in triplicate. 
Fatty acid ratios were calculated according to Enjalbert et al. (2013) and Velasco 
et al. (1998). The ratios estimate the relative weight of elongation ratio (ER), desaturation 
ratio (DR), oleic desaturation ratio (ODR), and linoleic desaturation ratio (LDR). The 
ratios were estimated by the following formulas:  
ER   = C20: 1  +   C22: 1C18: 1  +   C18: 2  +   C18: 3  +   C20: 1  +   C22: 1    %   
 
DR   = C18: 2  +   C18: 3  C18: 1  +   C18: 2  +   C18: 3  +   C20: 1  +   C22: 1      %  
 
ODR   = C18: 2  +   C18: 3  C18: 1  +   C18: 2  +   C18: 3      %  
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LDR   = C18: 3  C18: 2  +   C18: 3    %  
Data analyses 
Analysis of variance was conducted using the general linear model (PROC GLM), 
and means were compared using the least significant difference (LSD) at an alpha level 
of 0.05.  Each location-year combination was considered to be an environment and all 
levels of the linear model were considered as random effects. Phenotypic correlations 
were conducted by using PROC CORR. All analyses were conducted with Statistical 
Analysis System software ( SAS Institute Inc. 2009).  
Repeatability (H2) or infraclass correlation measures how repeatable a trait in a 
population or individual is across environments and replications. Repeatability was 
determined by the variance components of the analysis of variance; and calculated as 
follows:  
H2  = σ2G / σ2P.   
Therefore H2 = σ2G / (σ2G + (σ2GE/e) + (σ2e / r)) (Fehr 1988),  
where σ2G =genotypic variance, σ2P= phenotypic variance, σ2GE= genotype × environment, 
σ2e residual variance,  e = number of environments, and r= number of replications per 
environment.  
Results and discussion  
Seed yield and yield components 
The main phenological stages displayed by camelina accessions varied among 
environments, likely related to differences in temperature (Table 2). The vegetative stage 
in the spring 2010 planting was reduced by 11 (±2) days as compared with the 2011 
plantings probably due to high temperatures (11 days over 30ºC and mean temperature of 
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28ºC) in 2010  (Figure 1 and Table 2). Whereas, the seed-filling stage in the 2011 
summer planting was increased by 23 days compared with the 2010 and 2011 spring 
plantings, probably due to lower temperatures in during the early fall  (Figure 1 and Table 
2). Similar results have been reported in Brassica napus L. and Brassica hirta Moench 
(Yaniv et al. 1995) where growth at lower temperatures delayed maturity and growth at 
higher temperatures hastened it. 
According to analyses of variance, seed yield and yield components were highly 
significant for environments, genotypes, and genotype-by-environment interactions 
(Table 3). Seed yield ranged from 242 to 1907 kg ha-1 (Table 4); on average, lower seed 
yields were obtained during spring 2010; maximum yield was observed for accession PI 
304271 during the summer planting. Other field camelina studies reported similar yield 
ranges. In Austria, mean seed yields ranged from 1574 to 2248 kg ha-1 (Vollmann et al. 
2007). In Canada, seed yields ranged from 700 to more than 4000 kg ha-1; however, the 
highest yield was reached in a single year and location (Blackshaw et al. 2011). In 
Minnesota, seed yields ranged from 420 to 1320 kg ha-1 (Gesch and Cermak 2011), and 
in Colorado, seed yields ranged from 1175 to 1652 kg ha-1 (Enjalbert et al. 2013).      
In the present study, camelina seed yield was associated with high G×E and a 
high coefficient of variation (Figure 2). Repeatability for seed yield was one of the lowest 
in all traits evaluated (0.03) (Table 3). Environment has a major effect on camelina seed 
yield (Pan 2009; Putman 1993); environmental variation and plant response are important 
and support selection of genotypes suited for specific conditions. Each testing 
environment had unique characteristics, and it is possible to identify accessions that 
performed better under specific conditions. For instance, accessions PI 650141 and PI 
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650153 had the highest seed yields during the 2010 season, which was marked by high 
rainfall (Figure 1) and high temperatures during the seed filling period (Table 2). On the 
other hand, accessions PI 304271 and PI 304269 had the highest yields during the 
summer of 2011, a season marked by hot conditions during plant establishment and 
cooler conditions during seed filling (Figure 1 and Table 2).  
Despite germination rates >92% for all accessions evaluated (tested in 
germination boxes, data not shown), under field conditions, initial plant densities varied 
among accessions. Stands of spring plantings ranged from 114 to 388 plants m-2 (2010) 
and 131 to 424 plants m-2 (2011). Summer plantings had drastically reduced plant 
populations due to high temperatures and strong weed pressure, ranging from 7 to 85 
plants m-2; however, yield per plant was much higher for the summer planting (1.3 to 7.7 
g plant-1) than for the spring plantings (0.12 to 0.89 g plant-1). Plant population and yield 
per plant were negatively correlated (-0.71, p-value > 0.001). Under high population 
densities, camelina produced fewer branches and siliques per plant (data not shown) than 
under low population densities, suggesting that camelina exhibits phenotypic plasticity 
with respect to population density, with the ability to compensate total seed yield per unit 
area (Table 4). Similar results describing plasticity exhibited by camelina have been 
reported previously by Jiang (2013) in Canada and Solis et al. (2013) in Chile, who 
observed that late-seeded plots (Jiang 2013) and low stands (Solis et al. 2013) were able 
to compensate yield by producing more siliques per plant and/or more branches per unit 
area. Pan (2009) found that poor stand was associated with high yield, suggesting that 
without competition apical dominance is reduced, thus increasing the number of branches 
per plant.  
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In our studies, oil concentration across environments differed significantly, 
ranging from 30% to 40%. Spring 2011-produced seed had the highest oil concentration 
with a mean of 36.5%; lower mean values were observed in seed produced in spring 2010 
(33.3%) and summer 2010 (34.1%) (Table 4). Oil concentrations were within the range 
reported for camelina in USA and Canada (Enjalbert et al. 2013; Pan 2009); however, 
they were lower than those of advanced breeding lines and mutants developed in Europe 
(Vollmann et al. 2007). Oil concentration displayed an intermediate H2 (0.56) (Table 2); 
however, despite the impact of G×E, environmental effects were identified (Figure 3). 
Total oil was highly variable (low H2=0.03) across and within environments. Total oil 
ranged from 75 to 657 kg ha-1 for individual plot means. In spring 2010, total oil content 
was lowest (250 kg ha-1); higher values were reached in both spring (353 kg ha-1) and 
summer 2011 (352 kg ha-1; Table 3). 
An environmental effect on 1000-seed weight (TSW) was observed. TSW ranged 
from 0.5 to 1.5 g across environments; larger seed was produced during summer 2011 
with a mean of 1.2 g. Both spring 2010 and 2011 produced seed with a mean TSW of 0.9 
g (Table 3). Results for TSW fall in the range reported previously for camelina 
(Vollmann et al. 2005; Enjalbert et al. 2013). TSW showed a high H2 of 0.9 (Figure 3, 
Table 3), in agreement with previous H2 values reported by Enjalbert et al. (2013) and 
Vollmann et al. (2005). In our studies, TWS was positively correlated with seed yield and 
oil concentration; whereas Enjalbert et al. (2013), Vollmann et al. (2005), and Gehringer 
et al. (2006) also found positive correlations between TSW and seed yield, but reported 
negative correlations between TSW and oil concentration. 
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Fatty acid profiles and glucosinolate concentrations  
 Fatty acid profiles 
In general, oil extracted from the NCRPIS camelina accessions is composed of 
unsaturated fatty acids (mono and polyunsaturated), such as oleic (C18:1), linoleic 
(C18:2), linolenic (C18:3), eicosenoic (C20:1) and erucic acids (C22:1), which comprised 
more than 83% of the total fatty acid profile (Table 5). Average fatty acid values agree 
with results reported by Putman et al. (1993), Vollmann et al. (2007), and Pilgeram et al. 
(2007).  
The major fatty acids evaluated were statistically different for both environments 
and accessions (Table 6). Variation in fatty acids was in the range reported by Vollmann 
et al. (2007) and Seehuber (1984), but higher than the values reported by Zubr and 
Matthäus (2002). Lower oleic-acid values were observed during summer 2010 (11.4%), 
and higher values in seed produced from spring plantings (~15%). Lower linoleic-acid 
values were observed from seed produced in summer 2011 (18.2%) and higher values 
from the spring 2010 crop (22.5%). Lower linolenic acid values were observed from seed 
produced from spring 2010 plantings (27.7%), and higher values from summer 2011 
produced seed (37.8%) (Table 5). Vollmann et al. (2007) reported that temperature had a 
great influence on fatty acid variation during the seed-filling stage; we found that higher 
temperature (11 days over 30ºC, and temperature mean of 28ºC) during this period (Table 
2) could be associated with high concentrations of oleic (C18:1), linoleic (18:2) and 
arachidic (C20:0) acids and low temperature (temperature mean of 20ºC) with linolineic 
(C18:3) and eicosadienoic (C20:2) acids. However, despite our results showing these 
environmental influences on the variation of fatty acids, additional experiments should be 
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conducted under controlled conditions to test the hypothesis that the changes we observed 
are directly related to temperature rather than other environmental factors. 
     Erucic acid is an anti-nutritional compound found in camelina seed oil. Erucic acid 
ranged from 2.3% to 4.6% across environments and accessions (Table 5). For most of the 
accessions, erucic acid concentration was close to the threshold of 3% (Figure 4) allowed 
for oilseeds targeted for human consumption (Gandhi et al. 2009), but lower than the 5% 
allowed for animal feeding in Europe (EC 1976). Furthermore, high H2 values for erucic 
acid (0.78) support the identification of promising accessions for selection to reduce 
erucic acid content (Table 6).   
Caged field plots for seed increase in 2009 showed similar results to those 
observed in the replicated experiments of 2010 and 2011 for both oil concentration and 
fatty acid profile. Oil concentration ranged from 23.1% - 36.7%. The predominant fatty 
acids were linolenic (33.6%), linoleic (22.2%), oleic (12.4%), and eicosenoic (11.9%). 
Linoleic acid ranged from 18 to 29.5% and linolenic acid ranged from 25.7 to 40% 
(Table 7). 
Glucosinolate concentrations 
Samples of camelina accessions were used to validate the quantification and 
isolation of three glucosinolates (GS9, GS10 and GS11) found in camelina seed and 
defatted meal (Berhow et al. 2013, annex 1). GS9, GS10 and GS11 varied greatly in both 
defatted meal and dry seed (Table 7). The most abundant GS was GS10 (66% of total 
GS), and the least abundant was GS11 (5% of total GS). The total GS in defatted meal 
ranged from 15 to 27µmol g-1, resembling values reported by Russo and Reggiani (2012) 
and Zubr and Matthäus (2002), but less than those observed by Hrastar et al. (2012) in 
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camelina landraces grown in Slovenia. GS variation across environments is usually 
related to soil sulfur content due to the fact that sulfur is essential for GS synthesis 
(Hrastar et al. 2012; Schuster and Friedt 1998; Zubr and Matthäus 2002). Accessions PI 
650159, PI 650148 and PI 258367 showed the lowest total GS values in defatted meal 
(~15 µmol g-1) (Figure 4). Moreover, the highest values found in the NCRPIS accessions 
studied were close to the minimum values allowed in other edible Brassicaceae, such as 
canola-quality brassicas, where the total GS concentration must be less than 30 µmol g-1 
(Canadian General Standards Board, 1987). 
Environmental effect on fatty acid elongation and fatty acid desaturation 
The elongation ratio (ER) is related to the activity of fatty acid elongase enzymes 
FAE1 (responsible for the elongation from C18:1 to C20:1) and FAE2 (responsible for 
the elongation from C20:1 to C22:1) (Velasco et al. 1998). In camelina, the activity of 
FAE1 is predominantly due to production of more eicosenoic fatty acid (C20:1) than 
erucic acid (C22:1) (Enjalbert et al. 2013). In our studies, the ER values ranged from 0.16 
to 0.23 across environments (Table 8). These differences were not statistically significant  
(Table 9).  
The desaturation ratio (DR) is associated with the activity of the fatty acid 
desaturase enzymes; oleate desaturase (FAD2) is responsible for the desaturation from 
C18:1 to C:18:2, and linoleate desaturase (FAD3) is responsible for the desaturation from 
C18:2 to C:18:3 (Facciotti and Knauf, 1998). In our studies, the DR ranged from 0.58 to 
0.69 across environments. In camelina entries evaluated under dryland and irrigated 
conditions, Enjalbert et al. (2013) reported similar ER values, but lower DR values than 
those reported herein.  
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Specific desaturation ratios were calculated. Oleic desaturation ratio (ODR) is the 
proportion of oleic acid that is desaturated to linoleic and linolenic fatty acids. ODR 
ranged from 0.73 to 0.85 across environments; seed oil produced in spring 2010 had the 
lowest ODR (0.76), and seed oil produced in summer 2011 had the highest ODR (0.83).  
Linoleic desaturation ratio (LDR) is the proportion of linoleic acid that is desaturated to 
linolenic acid. In our studies, the LDR ranged from 0.49 to 0.71 across environments. In 
the seed oil from spring 2010, LDR was 0.55, spring 2011 was 0.61 and summer 2011 
was 0.67. Enjalbert et al. (2013) reported lower values of ODR (0.65-0.80) and LDR 
(0.49-0.66), and found positive correlations between ODR and LDR.  
A higher degree of desaturation occurs at low temperatures, decreasing the lipid 
viscosity and increasing membrane lipid fluidity (Facciotti and Knauf 1998). Canola 
grown at low temperatures has increased polyunsaturated fatty acids (PUFAs) due to 
increased desaturation in both structural and storage lipids (Canvin 1965). In camelina, 
high levels of PUFAs are also associated with faster seedling emergence and seedling 
vigor when plants are grown at low temperatures (Enjalbert et al. 2013). In general, 
Brassicaceae crops grown in cold environments which produce high levels of PUFAs had 
better agronomic performance than do oilseed crops with lower levels of PUFAs (Linder 
2000). Our results suggest that fatty acid desaturation could be related to temperature. 
Spring 2010 and 2011 had similar mean temperatures during seed filling (Figure 1, Table 
2, ~27ºC). During spring 2010, there were more days with temperatures above 30˚C (11 
days) than in spring 2011 (7 days); as might be expected, the DRs were lower in spring 
2010 (0.61) than in spring 2011 (0.64). Whereas low temperatures during seed filling in 
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the summer-fall (~20ºC) growing season (2011) were associated with increased DR 
(0.67) (Table 8).  
Promising accessions for biofuel and food uses 
For biofuel use, a high ratio of monounsaturated fatty acids (MUFA) over 
polyunsaturated fatty acids (PUFA) is desirable. High MUFA/PUFA values increase the 
alkyl monoester appropriate for biofuel quality, allowing for high kinematic viscosity 
required for blends of biodiesel with regular diesel that can satisfy standard regulations 
for biofuels (Campbell et al. 2013; Moser and Vaughn 2010). For food use, a high ratio 
between α-linolenic (C18:3) and linoleic (C18:2) fatty acids is desirable for a higher 
content of omega-3 fatty acid (Campbell et al. 2013).  
In general, environment had effects over both ratios. Results suggest that high 
temperatures during seed filling increase the MUFA/PUFA ratio, but reduce the α-
linolenic/linoleic ratio. On the other hand, low temperatures during seed filling decrease 
MUFA/PUFA ratio and increase α-linolenic/linoleic ratio. Therefore, spring plantings in 
Iowa may allow production of camelina with performance better suited for biofuel use; 
whereas production from summer plantings may be more suitable for food uses (Figure 
6). However, due to the high repeatability observed in fatty acid composition, the identity 
of the top performing accessions was consistent across environments. For biofuel use, the 
outstanding accessions were PI 650146, PI 633194, PI 650147, and PI 650151. For food 
use, the outstanding accessions included PI 650145, PI 633193, PI 650142, and PI 
650148. There is particular interest in accession PI 650150, as it may be suitable for both 
MUFA/PUFA and α-linolenic/linoleic ratios (Figure 6). 
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Conclusions 
Accessions of camelina showed useful genetic variation for seed and oil 
composition traits. Our results suggest that fatty acid desaturation was highly related to 
temperature. Low temperature during seed development likely leads to an increase in 
polysaturated fatty acid content, and vice versa under high temperature conditions. 
However, controlled experiments should be conducted to determine whether these 
observations can be empirically supported. We found that camelina exhibits plasticity in 
production capacity and is able to compensate yield per unit area when plant stands were 
low by producing more yield per plant (more branches per plant or more seeds per 
silique). We demonstrated that camelina is suitable to be planted twice in the same 
season, in early spring and mid-summer with similar yields; however, further 
experiments to optimize stand densities and management practices should be conducted. 
High repeatability found for seed-quality traits allows identification of promising 
accessions for fatty acid profiles, oil and glucosinolate concentrations. Additionally, the 
genetic variation identified in the collection could support breeding efforts to meet basic 
requirements for biodiesel production (high MUFA/PUFA ratio), animal feeding (low 
glucosinolates and low erucic acid in meal) and nutraceutical uses (high Omega-3 fatty 
acid concentrations). 
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Figure 1. Monthly total precipitation (mm) and monthly mean high and low temperatures 
(°C) from the camelina plantings in spring 2010 (A), and spring and summer 2011 (B) at 
the NCRPIS in Ames, IA.  
 
 
 
Figure 2. Scatter plot for yield and coefficient of variation (CV) showing the yield 
stability of 35 camelina accessions from the NCRPIS in Ames, IA.  
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*n = 35 spring 2010, n = 35 Spring 2011, and n = 30 Summer 2011. Where (A) C18:1 d9 = oleic acid, (B) C18:2 
= linoleic acid, (C) C18:3 = linolenic acid, (D) C20:1 = eicosenoic acid, (E) Oil concentration (%), (F) 1000 seed 
weight (g), (G) PUFA: Polyunsaturated fatty acid ratio, and (H) MUFA: Monounsaturated fatty acid ratio 
Figure 3. Variation in major fatty acids (%), seed oil concentration (%), seed weight and 
fatty acid ratios in 35 camelina accessions. Plants were grown in central Iowa 2010 
(spring) and 2011 (spring and summer). Lines were linked with the purpose of showing 
the repeatability pattern across environments.  
8 
10 
12 
14 
16 
18 
20 
PI 
650
132
 
PI 
304
269
 
PI 
304
270
 
PI 
304
271
 
PI 
311
735
 
PI 
633
192
 
PI 
633
193
 
PI 
633
194
 
PI 
650
141
 
PI 
650
142
 
PI 
650
145
 
PI 
650
146
 
PI 
650
148
 
PI 
650
149
 
PI 
650
150
 
PI 
650
151
 
PI 
650
153
 
PI 
650
156
 
PI 
650
159
 
PI 
650
160
 
PI 
650
161
 
PI 
650
162
 
PI 
650
164
 
PI 
650
165
 
PI 
650
166
 
PI 
652
885
 
PI 
652
886
 
PI 
650
147
 
PI 
650
154
 
PI 
650
163
 
PI 
633
191
 
PI 
258
366
 
PI 
258
367
 
PI 
597
833
 
PI 
650
144
 
%
 
(A) C18:1 d9 
15 
17 
19 
21 
23 
25 
27 
PI 
650
132
 
PI 
304
269
 
PI 
304
270
 
PI 
304
271
 
PI 
311
735
 
PI 
633
192
 
PI 
633
193
 
PI 
633
194
 
PI 
650
141
 
PI 
650
142
 
PI 
650
145
 
PI 
650
146
 
PI 
650
148
 
PI 
650
149
 
PI 
650
150
 
PI 
650
151
 
PI 
650
153
 
PI 
650
156
 
PI 
650
159
 
PI 
650
160
 
PI 
650
161
 
PI 
650
162
 
PI 
650
164
 
PI 
650
165
 
PI 
650
166
 
PI 
652
885
 
PI 
652
886
 
PI 
650
147
 
PI 
650
154
 
PI 
650
163
 
PI 
633
191
 
PI 
258
366
 
PI 
258
367
 
PI 
597
833
 
PI 
650
144
 
%
 
(B) C18:2 
24 
27 
30 
33 
36 
39 
42 
PI#6
501
32#
PI#3
042
69#
PI#3
042
70#
PI#3
042
71#
PI#3
117
35#
PI#6
331
92#
PI#6
331
93#
PI#6
331
94#
PI#6
501
41#
PI#6
501
42#
PI#6
501
45#
PI#6
501
46#
PI#6
501
48#
PI#6
501
49#
PI#6
501
50#
PI#6
501
51#
PI#6
501
53#
PI#6
501
56#
PI#6
501
59#
PI#6
501
60#
PI#6
501
61#
PI#6
501
62#
PI#6
501
64#
PI#6
501
65#
PI#6
501
66#
PI#6
528
85#
PI#6
528
86#
PI#6
501
47#
PI#6
501
54#
PI#6
501
63#
PI#6
331
91#
PI#2
583
66#
PI#2
583
67#
PI#5
978
33#
PI#6
501
44#
%
 
(C) C18:3 
10 
11 
12 
13 
14 
15 
16 
PI 
650
132
 
PI 
304
269
 
PI 
304
270
 
PI 
304
271
 
PI 
311
735
 
PI 
633
192
 
PI 
633
193
 
PI 
633
194
 
PI 
650
141
 
PI 
650
142
 
PI 
650
145
 
PI 
650
146
 
PI 
650
148
 
PI 
650
149
 
PI 
650
150
 
PI 
650
151
 
PI 
650
153
 
PI 
650
156
 
PI 
650
159
 
PI 
650
160
 
PI 
650
161
 
PI 
650
162
 
PI 
650
164
 
PI 
650
165
 
PI 
650
166
 
PI 
652
885
 
PI 
652
886
 
PI 
650
147
 
PI 
650
154
 
PI 
650
163
 
PI 
633
191
 
PI 
258
366
 
PI 
258
367
 
PI 
597
833
 
PI 
650
144
 
%
 
(D) C 0:1 
30 
32 
34 
36 
38 
40 
PI
 65
01
32
 
PI
 30
42
69
 
PI
 30
42
70
 
PI
 30
42
71
 
PI
 31
17
35
 
PI
 63
31
92
 
PI
 63
31
93
 
PI
 63
31
94
 
PI
 65
01
41
 
PI
 65
01
42
 
PI
 65
01
45
 
PI
 65
01
46
 
PI
 65
01
48
 
PI
 65
01
49
 
PI
 65
01
50
 
PI
 65
01
51
 
PI
 65
01
53
 
PI
 65
01
56
 
PI
 65
01
59
 
PI
 65
01
60
 
PI
 65
01
61
 
PI
 65
01
62
 
PI
 65
01
64
 
PI
 65
01
65
 
PI
 65
01
66
 
PI
 65
28
85
 
PI
 65
28
86
 
PI
 65
01
47
 
PI
 65
01
54
 
PI
 65
01
63
 
PI
 63
31
91
 
PI
 25
83
66
 
PI
 25
83
67
 
PI
 59
78
33
 
PI
 65
01
44
 
%
 
Spring 2010 Spring 2011 Summer 2011 
(E) Oil concentration 
0.5 
0.9 
1.3 
1.7 
PI
 65
01
32
 
PI
 30
42
69
 
PI
 30
42
70
 
PI
 30
42
71
 
PI
 31
17
35
 
PI
 63
31
92
 
PI
 63
31
93
 
PI
 63
31
94
 
PI
 65
01
41
 
PI
 65
01
42
 
PI
 65
01
45
 
PI
 65
01
46
 
PI
 65
01
48
 
PI
 65
01
49
 
PI
 65
01
50
 
PI
 65
01
51
 
PI
 65
01
53
 
PI
 65
01
56
 
PI
 65
01
59
 
PI
 65
01
60
 
PI
 65
01
61
 
PI
 65
01
62
 
PI
 65
01
64
 
PI
 65
01
65
 
PI
 65
01
66
 
PI
 65
28
85
 
PI
 65
28
86
 
PI
 65
01
47
 
PI
 65
01
54
 
PI
 65
01
63
 
PI
 63
31
91
 
PI
 25
83
66
 
PI
 25
83
67
 
PI
 59
78
33
 
PI
 65
01
44
 
g 
Spring 2010 Spring 2011 Summer 2011 
(F) 1000 seed weight  
0.50 
0.55 
0.60 
0.65 
PI
 65
01
32
 
PI
 30
42
69
 
PI
 30
42
70
 
PI
 30
42
71
 
PI
 31
17
35
 
PI
 63
31
92
 
PI
 63
31
93
 
PI
 63
31
94
 
PI
 65
01
41
 
PI
 65
01
42
 
PI
 65
01
45
 
PI
 65
01
46
 
PI
 65
01
48
 
PI
 65
01
49
 
PI
 65
01
50
 
PI
 65
01
51
 
PI
 65
01
53
 
PI
 65
01
56
 
PI
 65
01
59
 
PI
 65
01
60
 
PI
 65
01
61
 
PI
 65
01
62
 
PI
 65
01
64
 
PI
 65
01
65
 
PI
 65
01
66
 
PI
 65
28
85
 
PI
 65
28
86
 
PI
 65
01
47
 
PI
 65
01
54
 
PI
 65
01
63
 
PI
 63
31
91
 
PI
 25
83
66
 
PI
 25
83
67
 
PI
 59
78
33
 
PI
 65
01
44
 
PU
FA
's 
Spring 2010 Spring 2011 Summer 2011 
(G) PUFA's  
0.25 
0.30 
0.35 
0.40 
PI
 65
01
32
 
PI
 30
42
69
 
PI
 30
42
70
 
PI
 30
42
71
 
PI
 31
17
35
 
PI
 63
31
92
 
PI
 63
31
93
 
PI
 63
31
94
 
PI
 65
01
41
 
PI
 65
01
42
 
PI
 65
01
45
 
PI
 65
01
46
 
PI
 65
01
48
 
PI
 65
01
49
 
PI
 65
01
50
 
PI
 65
01
51
 
PI
 65
01
53
 
PI
 65
01
56
 
PI
 65
01
59
 
PI
 65
01
60
 
PI
 65
01
61
 
PI
 65
01
62
 
PI
 65
01
64
 
PI
 65
01
65
 
PI
 65
01
66
 
PI
 65
28
85
 
PI
 65
28
86
 
PI
 65
01
47
 
PI
 65
01
54
 
PI
 65
01
63
 
PI
 63
31
91
 
PI
 25
83
66
 
PI
 25
83
67
 
PI
 59
78
33
 
PI
 65
01
44
 
M
UF
A'
s 
Spring 2010 Spring 2011 Summer 2011 
(H) MUFA's  
	   32	  
 
Figure 4. Variation in the proportion of erucic acid (C22:1) in the total fatty acid fraction 
extracted from 35 camelina accessions. Bars represent the average across environments. 
The barred lines represents the standard error.  The red line marks the upper threshold for 
erucic acid allowed in oil for human consumption (3%). For animal feed, the upper 
threshold allowed in oil is 5%.   
 
 
Figure 5. Variation in glucosinolate concentration in the defatted meal of 35 camelina 
accessions. GLS-9: 9-methyl-sulfinyl-nonyl glucosinolate, GLS-10: 10-methyl-sulfinyl-
decyl glucosinolate, and GLS-11: 10-methyl-sulfinyl-undecyl glucosinolate. 
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Table 1. Camelina accessions sampled from the USDA-ARS-NCRPIS oilseed collection. 
All accessions are Camelina sativa, unless *Camelina alyssum or †Camelina microcarpa. 
§Information from GRIN (USDA-ARS germplasm database).  
Accession 
ID Source country  Name Type
§ 
PI 258366 Former Soviet Union VNIIMK 17 Cultivar 
PI 258367 Former Soviet Union Voronezh 349 Cultivar 
PI 304269 Sweden No 402 Breeding line  
PI 304270 Sweden No. 403 Breeding material 
PI 304271 Sweden No 406 Breeding line  
PI 311735 Poland Borowska Cultivar 
PI 597833 Denmark 163-2073-72 Cultivated material 
PI 633191† United States NU 60689 Uncertain status 
PI 633192 Germany CR 476/65 Wild material 
PI 633193 Germany CR 492/94a Cultivar/Landrace 
PI 633194 Germany Giessen Nr. 3  Cultivar/Landrace 
PI 650132* Germany   Uncertain status 
PI 650141 United States NU 52279 Uncertain status 
PI 650142 Denmark CS-163-2073-72 Uncertain status 
PI 650144 Denmark Boha Advanced cultivar 
PI 650145 Germany BRSCHW 28347 Advanced cultivar 
PI 650146 Sweden BRSCHW 30021 Advanced cultivar 
PI 650147 Sweden Came Uncertain status 
PI 650148 Germany Giessen #3 Uncertain status 
PI 650149 Germany Giessen #4 Uncertain status 
PI 650150 Denmark Hoga Variety 
PI 650151 Sweden Svalof Uncertain status 
PI 650153 Former Soviet Union CPS-CAM10 Uncertain status 
PI 650154 Former Soviet Union CSS-CAM25 Uncertain status 
PI 650156 Former Soviet Union CSS-CAM29 Uncertain status 
PI 650159 Poland CSS-CAM33 Uncertain status 
PI 650160 Former Soviet Union CSS-CAM34 Uncertain status 
PI 650161 Former Soviet Union CSS-CAM35 Uncertain status 
PI 650162 Poland CSS-CAM36 Uncertain status 
PI 650163 Former Soviet Union CSS-CAM37 Uncertain status 
PI 650164 Austria CSS-CAM38 Uncertain status 
PI 650165 Former Soviet Union CSS-CAM7 Uncertain status 
PI 650166 Former Soviet Union CSS-CAM8 Uncertain status 
PI 652885 Slovenia Slovenia-1 Landrace 
PI 652886 Slovenia Slovenia-4 Landrace 
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Table 4. Variation in 35 camelina USDA plant introduction accessions for seed yield, 
plant stands, yield per plant, oil concentration, oil per ha and 1000 seed weight during the 
2010 and 2011 growing seasons.  
  Seed yield (kg ha-1) 
Plant stands 
(plants m-2) 
Yield 
plant-1 (g) 
Oil 
concentration 
(% dry wt) 
Oil per ha 
(kg ha-1) 
1000 seed wt  
(g1) 
Spring 2010a 
Maximum 1337 387.5 0.89 36.3 476 1.3 
Minimum 242 114.4 0.13 30.0 75 0.6 
Mean 746 ab 206.6 a 0.38 a 33.3 a 250 a 0.9 a 
SD 252 53.7 0.14 1.4 89 0.2 
CV (%) 34 26.0 38.2 4.1 36 19.2 
Spring 2011 
Maximum 1434 423.5 0.82 39.9 526 1.2 
Minimum 488 131.0 0.12 33.7 172 0.5 
Mean 965 b 283.9 b 0.36 a 36.5 c 353 b 0.9 a 
SD 195 63.0 0.11 1.5 72 0.1 
CV (%) 20 22.2 31.5 4.0 20 16.7 
Summer 2011 
Maximum 1907 84.9 7.73 37.4 657 1.5 
Minimum 435 7.4 1.30 32.2 148 0.9 
Mean 1038 c 35.5 c 3.53 b 34.1 b 352 b 1.2 b 
SD 394 20.6 1.48 1.2 139 0.2 
CV (%) 38 57.9 42.0 3.4 40 15.2 
a n = 35 spring 2010, n =35 spring 2011, and n = 26 summer 2011 
 
b means with different letter differ at P<0.05     
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Table 5. Variation in fatty acids (%) of seed oil of 35 camelina accessions grown in 
central Iowa in 2010 and 2011.   
  Fatty acid profile (%) 
  C18:1 d9† C18:2 C18:3 C20:0 C20:1 C20:2 C 22:1 
Spring 2010a 
Maximum 18.4 26.2 30.8 2.4 15.7 2.0 4.5 
Minimum 12.9 19.6 24.2 1.5 12.1 1.2 2.6 
Mean 15.5 ab 22.5 a 27.7 a 1.9 a 13.4 a 1.6 a 3.3 a 
SD 1.3 1.7 1.4 0.2 0.6 0.2 0.3 
CV (%) 8.5 7.3 4.9 9.3 4.4 13.3 10.0 
Spring 2011 
Maximum 16.9 23.6 35.5 2.6 13.5 2.1 3.3 
Minimum 12.9 17.9 29.5 1.4 10.9 1.4 2.3 
Mean 15.1 a 20.4 b 32.5 b 1.8 a 12.0 c 1.7 b 2.7 c  
SD 1.0 1.4 1.4 0.3 0.5 0.2 0.2 
CV (%) 6.8 7.0 4.4 15.9 4.2 10.6 9.0 
Summer 2011 
Maximum 12.6 20.8 40.3 1.9 14.1 2.3 3.8 
Minimum 10.2 16.2 34.5 1.3 12.1 1.7 2.8 
Mean 11.4 b 18.2 c 37.8 c 1.5 b 13.1 b 2.0 c 3.1 b 
SD 0.7 1.2 1.2 0.1 0.5 0.2 0.3 
CV (%) 6.1 6.7 3.1 8.1 4.0 9.0 8.1 
 
  
 
  
 †C18:1 d9 and d11 = oleic acid, C18:2 = linoleic acid, C18:3 = linolenic acid, C20:0 = 
arachidic acid, C20:1 = eicosenoic acid, C20:2 = eicosadienoic , and C22:1 = erucic acid 
 
a n = 35 spring 2010, n = 35 spring 2011, and n = 30 summer 2011 
 
b means with different letters differ at P<0.05 
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Table 8. Variation in fatty acid ratios of seed oil from 35 camelina accessions grown in 
central Iowa in 2010 and 2011.   
  Fatty acid ratios† 
  ER DR ODR LDR PUFA MUFA 
Spring 2010a 
Maximum 0.23 0.64 0.80 0.60 0.57 0.38 
Minimum 0.18 0.58 0.73 0.49 0.51 0.31 
Mean 0.20 ab 0.61 a 0.76 a 0.55 a 0.54 a 0.35 a 
SD 0.01 0.02 0.02 0.03 0.02 0.02 
CV (%) 4.75 2.95 2.51 4.96 3.09 4.87 
Spring 2011 
Maximum 0.20 0.67 0.81 0.66 0.59 0.35 
Minimum 0.16 0.60 0.75 0.56 0.53 0.29 
Mean 0.18 c 0.64 b 0.78 b 0.61 b 0.56 b 0.32 b 
SD 0.01 0.02 0.01 0.02 0.01 0.01 
CV (%) 4.61 2.39 1.92 3.95 2.45 4.42 
Summer 2011 
Maximum 0.21 0.69 0.85 0.71 0.62 0.32 
Minimum 0.18 0.64 0.81 0.63 0.58 0.28 
Mean 0.19 b 0.67 c 0.83 c 0.67 c 0.60 c 0.30 c 
SD 0.01 0.01 0.01 0.02 0.01 0.01 
CV (%) 4.93 1.89 1.22 3.04 1.78 3.68 
†Where ER = Elongation ratio, DR = Desaturation ratio, ODR = Oleic desaturation ratio, LDR = Linoleic desaturation 
ratio, PUFA = Polyunsaturated fatty acid ratio, and MUFA = Monounsaturated fatty acid ratio 
 
a n = 35 spring 2010, n=35 spring 2011, and n= 30 summer 2011 
 
b means with different letters differ at P<0.05 
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CHAPTER 3. GENETIC DIVERSITY IN CAMELINA GERMPLASM 
REVEALED BY MICROSATELITE MARKERS AND OIL QUALITY TRAITS 
 
Abstract 
Camelina is a new crop targeted for agronomic systems across the U.S. 
Midwestern and Northern Plains. Camelina is a promising feedstock for biofuel, animal 
feed, industrial materials, and nutraceutical products due to its special oil composition, 
multiples uses, low production input requirements and yield potential. However, breeding 
in camelina has been limited with few genetically improved materials available. 
Characterization of genotypic and phenotypic variation is essential for developing 
adequate breeding programs. The purpose of this project was to assess both genetic and 
phenotypic diversity of the USDA-ARS camelina germplasm collection maintained by 
the North Central Regional Plant Introduction Station (NCRPIS) based on microsatellite 
and oil-quality markers, to elucidate the degree of similarity among camelina accessions 
and their relatedness and provide useful information for camelina breeding programs. 
One hundred seventy-five individuals from 35 accessions of camelina of the 
USDA-ARS-NCRPIS germplasm collection were selected for this study based on 
geographic representation. The germplasm was evaluated in three environments during 
the years 2010 and 2011 in a randomized complete block design. Oil content from 
harvested seed was determined by nuclear magnetic resonance (NMR) and fatty acid 
profiles by gas chromatography (GC). Genetic diversity was assessed by simple-sequence 
repeats markers (SSR). Seventy-three SSR markers were used to determine the diversity 
among camelina accessions. Simpson and Shannon diversity indices were calculated. The 
Bruvo genetic-distance metric suitable for polyploid organisms like camelina was 
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calculated. Phenotypic diversity was examined by using principal component analysis, 
and clustering patterns were developed with the Ward method. 
SSR results support previous assessments of Hutcheon et al. (2010) about the 
polyploid nature not only of Camelina sativa, but also of Camelina alyssum and 
Camelina microcarpa. Pairwise Bruvo distances ranged between 0 and 0.35 with a mean 
of 0.21, indicating that camelina accessions are highly related. Although the accessions 
are evidently closely related, it was possible to identify clusters that mostly align with 
their sources (or countries) of origin. AMOVA also showed higher genetic diversity 
within accessions rather than among accessions. Our results seem to support a Russian-
Ukrainian center of origin for camelina, because high levels of allelic and genetic 
diversity were found in most of the accessions from this region. Oil-quality markers were 
useful to identify clusters of accessions that are grouped by the degree of fatty acid 
desaturation and seed characteristics, such as seed size and oil concentration. Genetic and 
phenotypic variation in fatty acid composition and oil content allows selection of 
promising and more unrelated accessions (greater genetic distances) to expand the 
genetic base in camelina enhancement. These results could be used as a tool to aid 
collection management providing insights on how to improve collection quality through 
targeted acquisition. 
Introduction 
 Camelina is an oilseed commonly known as false flax or gold of pleasure, currently 
considered a promising feedstock for biofuel, animal feed, industrial materials, and 
nutraceutical products, due to its special oil composition, multiples uses, low production 
input requirements and yield potential (Conn et al. 1998; Fröhlich and Rice 2005; Lu 
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2008; Pilgeram et al. 2007; Putnam et al. 1993; Vollmann et al. 2007; Zubr 1997). 
Genetic studies of Camelina sativa have established that it is a polyploid member of the 
Brassicaceae (Galasso et al. 2010; Gehringer et al. 2006). Hutcheon et al. (2010) suggest 
that C. sativa has an allohexaploid genome possibly resulting from intermating of close 
relatives within the genus Camelina, but its origins are not clear. Camelina sativa 
chromosome number is 2n = 40 (Gehringer et al. 2006; Manca et al. 2012; Mulligan 
2002; Warwick et al. 1999) and a genome size of ~750Mbp (Hutcheon et al. 2010). 
 Breeding in camelina has been limited, and few genetically improved materials are 
available (Manca et al. 2012; Vollmann et al. 2005, 2007). Vollmann et al. (2005) used 
random amplified polymorphic DNA (RAPD) markers to survey 41 camelina genotypes 
and found low genetic diversity among them. In 2006, Gehringer et al. found eight QTLs 
related to oil, seed and plant traits by using amplified fragment length polymorphism 
(AFLP) markers. Hutcheon et al. (2010) took advantage of the high genetic homology of 
camelina with Arabidopsis thaliana. By applying primers developed in A. thaliana 
specific for the fatty acid biosynthesis genes, fatty acid elongase (FAE1) and fatty acid 
desaturase (FAD2), three copies of each gene were observed in the C. sativa genome, 
providing evidence for its hexaploid nature; however, the gene copies could not be 
assigned to specific genomes. Ghamkhar et al. (2010) surveyed 53 different camelina 
genotypes with eight AFLP markers and found a high degree of variability between and 
within accessions, and suggested that camelina’s center of origin could be Russian-
Ukrainian. More recently, Manca et al. (2012) evaluated the genetic diversity of 40 
camelina accessions by using microsatellite markers (SSR) that amplified one band; 
primers that amplified multiple bands were not used in their analysis. They attributed 
	   46 
57% of the variation they observed to be among accessions and 42.6% to be within 
accessions. 
 Various molecular marker techniques are available to assess plant genetic diversity. 
Microsatellites or simple sequence repeats (SSR) are highly cost-effective, polymorphic, 
reproducible and co-dominant tools (Manca et al. 2012) used to determine patterns of 
variation for genetic diversity and map construction of many species. We used SSR 
markers in this project because of their capability to identify alleles at multiple loci, 
appropriate for camelina due to its polyploid nature. 
 Camelina oil is rich in mono and polyunsaturated fatty acids, especially oleic acid 
(C18:1), linoleic acid (C18:2), linolenic acid (18:3), and eicosenoic acid (C20:1) 
(Putman et al. 1993) and has a high oil concentration (30% to 46%) (Zubr 2003 and 
1997). Additionally, it provides nutritional benefits for animal feeding (Hixson et al. 
2013; Pilgeram et al. 2007) and potential for human nutrition due to essential fatty acids, 
such as omega-3 and omega-6 forms. Its glucosinolates potentially are useful as anti-
cancer metabolites  (Berhow et al. 2013; Fahey et al. 2003). In addition, camelina oil has 
been used to produce hydrotreated renewable jet (HRJ) fuel and green diesel (GD) which 
perform similarly to fossil fuels (Pavlista et al. 2011; Shonnard et al. 2010). 
 In order to develop adequate breeding programs, knowledge of a crop’s genotypic 
and phenotypic traits and background is essential (Mohammadi and Prasanna, 2003). Due 
to lack of information for most camelina genotypes, genetic and phenotypic studies 
should be conducted (Vollmann et al. 2005).  The main purpose of this project was to 
assess both genetic and phenotypic diversity of the USDA-ARS camelina germplasm 
collection maintained by the North Central Regional Plant Introduction Station (NCRPIS) 
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by using microsatellite and oil-quality markers, to elucidate the degree of similarity 
among accessions and their relatedness, and provide useful information for camelina 
breeding programs. 
Material and methods 
Plant material and experimental design 
Thirty-five camelina accessions from the USDA-ARS-NCRPIS oilseed collection, 
33 C. sativa, one C. alyssum (Mill.) Thell, and one C. microcarpa Andrz. ex DC., 
representing 52% of the total collection (Table 1) were selected for study from different 
geographical origins. Five plants per accession were analyzed for genetic diversity (175 
individuals sampled). Oil traits were evaluated from seeds produced during the 2010 and 
2011 growing seasons from three replicated plantings at the NCRPIS, planted during 
spring 2010 and during spring and summer 2011. Each combination of planting season 
and year was considered as a unique environment. Environmental means were used for 
the phenotypic diversity analyses. 
Microsatellite amplification 
Green tissue was sampled from young leaves of five plants per accession 20 days 
after germination. Genomic DNA was extracted using a modified cetyltrimethyl-
ammonium bromide (CTAB) procedure developed for maize (Dietrich et al. 2002). 
Seventy-three microsatellite primer pairs developed in the laboratory of Dr. Isobel 
Parkin, Agriculture and Agri-food Canada (AAFC), Saskatoon, SK (Table 2) were 
evaluated. Primer synthesis and SSR genotyping were done in the DNA facility at Iowa 
State University (Ames, IA, USA). Primers were synthesized by using two universal 
fluorescent labels at the forward primers, 6-carboxy-fluorescine (6-FAM) and 
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hexachloro-6-carboxy-fluorescine (HEX). Genotyping was done with a 3730 Genetic 
Analyzer (ABI, Foster City, CA). Amplification was performed in a 96-well Tetrad 2 
thermal cycler (Biorad, Hercules, CA) in 20µL volume, with 0.4µL of dNTP at 2mM, 
2µL of MgCl2, 0.1 µL 1X Go Taq Hot Start Colorless Master Mix buffer, 0.1µL of Taq 
DNA polymerase (Promega Inc., Madison, WI), 1.0µL of each forward and reverse 
primers at 5µM, 10.5µL of H20, and 5µl of DNA template (10ng/µL). The thermalcycler 
program included an initial five-minute denaturation at 95°C, followed by 30 cycles of 
94°C for 15 sec, 55°C for 15 seconds, 68°C for 30s and then a final five-minute extension 
at 68°C.   A 96-capillary Applied Biosystem 3730 Genetic Analyzer (Foster City, CA) 
was set up to run multiplex samples labeled with 6-FAM and HEX, and GeneScan 500 
ROX (Applied Biosystem, Foster City, CA) was used for a size standard. 
GENEMAPPER Software 4.0 (Applied Biosystem, Foster City, CA) was used to 
determine allele sizes.  
Oil concentration  
Seed-oil concentration was determined by pulsed nuclear magnetic resonance 
(pulsed NMR) using a Bruker Minispec MQ20 (Karlsruhe, Germany), with a 0.47 T 
permanent magnet maintained at 40ºC, and provision of hydrogen nuclei with a 
resonance of 20 MHz. The instrument was calibrated and checked with camelina 
standards of known oil content based on a calibration curve (R2=99.8). Seeds in 18 mm 
test tubes were preheated to 40 ºC before analysis. After analysis, the seed sample was 
dried by using the AOCS method Ca 2c-25 (AOCS 1995) to determine its moisture and 
calculate oil concentration on a dry-weight basis. All samples were run in duplicate.  
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Fatty acid profile 
Gas chromatography of fatty acid methyl esters was performed with a Hewlett-
Packard 5890 Series II gas chromatograph (Palo Alto, CA) equipped with a flame-
ionization detector and an autosampler/injector. Analyses were conducted on a SP 2380 
30 m × 0.25 mm i.d. column (Supelco, Bellefonte, PA). Saturated C8-C30 fatty acid 
methyl esters were used as standards for calculating equivalent chain-length values, 
which were used to make fatty acid methyl ester assignments. SP 2380 analyses were 
conducted under the following parameters: column flow 1.4 mL min-1 with a helium head 
pressure of 20 psi; split ratio 50:1; septum purge of 4 mL min-1; programmed ramp from 
170 to 190ºC at 4ºC min-1, and from 190 to 265ºC at 20ºC min-1; injector and detector 
temperatures set at 250ºC. 
Fatty acid methyl esters were made directly from whole seeds. Five mL potassium 
hydroxide/methanol solution (0.25 M/ 5 mL) was added to 40mL vials containing ~50 
camelina seeds, and seeds were ground for 20 seconds with a Modular Homogenizer 
System (Cole-Parmer Instrument Company, Vernon Hills, IL) fitted with a 10 mm 
diameter shaft. Each vial was then sealed with an aluminum-lined cap and placed in a 
65ºC heat block for 30 minutes, then removed and allowed to cool to room temperature 
(~25ºC). Methyl esters were extracted with 5 mL of hexane and washed with 5 mL of 
aqueous saturated sodium chloride solution. Vial contents were mixed thoroughly, and 
the layers were allowed to separate before removing a 0.25 mL aliquot from the least 
dense methyl ester layer containing hexane. The aliquot was diluted with 2 mL of hexane 
in a gas chromatogram vial and the sample injected (1µL) into the gas chromatograph 
under the conditions described above. All samples were run in triplicate. 
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Data analysis 
Genetic diversity was estimated by the number of alleles, Bruvo genetic distance 
and genotypic diversity indices of Simpson and Shannon (Shannon 1948; Simpson 1949). 
Bruvo distance accommodates genetic distance determination of polyploid organisms, 
such as camelina (Bruvo et al. 2004; Clark and Jasieniuk 2011).  
A matrix of the alleles generated in GENEMAPPER from the 175 individuals was 
analyzed in the R-software package, POLYSAT version 1.0 (Clark et al. 2012) to obtain 
the Bruvo genetic distance matrix, Simpson and Shannon diversity indices, the number of 
alleles in each accession and/or population, and principal coordinate analyses (PCoA) by 
accession and geographical origin. POLYSAT was also used for transforming allele 
weights to binary data (presence/absence). Binary data were used for analysis of 
molecular variance (AMOVA) calculated by GENALEX version 6.5 (Peakall and 
Smouse 2006 and 2012). Allelic diversity was measured as the total of number of alleles 
over all loci (A), and the number of the alleles in an accession, averaged over loci (A’) 
(Sampson and Byrne, 2012). Phenotypic diversity was examined via principal component 
analysis, and clustering patterns were developed with the Ward method. JMP Pro 10 
(SAS Institute 2012) was used for phenotypic analysis.   
Results and discussion  
Genetic diversity 
Fifty-four microsatellite (SSR) primer pairs were both consistently polymorphic 
and informative. Nineteen primers pairs were monomorphic or did not amplify. Most of 
the primers evaluated in C. sativa accessions showed multi-locus amplification, 
supporting previous reports by Hutcheon et al. (2010) and Manca et al. (2012) of the 
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polyploid (allohexaploid) nature of the camelina genome, although we did not observe 
amplification of all possible alleles with every primer pair (Table 3). Despite the fact that 
we observed multi-locus amplification, our results confirm that C. sativa is a 
predominantly self-pollinated crop. The percentage of samples with more than three 
alleles was only 11%, thus 89% of the samples had three or fewer alleles, assuming that 
each allele belongs to a given genome (Table 4). Conventional diversity analyses 
developed for diploid genomes (such as expected heterozygosity) are not suitable for 
polyploid applications; therefore, specific analysis methods, such as the Bruvo distance 
matrix, have been developed. The Bruvo distance matrix estimates dissimilarity among 
accessions and/or populations and was used as an input for principal coordinate analysis 
(PCoA) for both accessions per se and for groupings based on geographical origin. PCoA 
for accessions showed three defined clusters, the first composed mostly of accessions 
from the Former Soviet Union, the second of accessions from Denmark, Germany and 
Sweden, and the third of accessions from Slovenia and Austria (Figure 1A). The two U.S. 
accessions were located in different clusters. PI 650141 came out of the earliest camelina 
breeding programs in the U.S. (Robert G. Robinson, University of Minnesota, new and 
alternative crop breeder, 1948- 1986). Little information is available about the origin of 
his material; however, it would be reasonable to expect that the MN line would be related 
to developed cultivar material from Europe, the location of most active breeding work 
during that time frame, a conclusion supported by the clustering of this accession close to 
accessions from Denmark, Germany and Sweden. The other U.S. accession, PI 633191, 
C. microcarpa, also has a polyploid genome and is closely related to C. sativa (Hutcheon 
et al. 2010) both genetically and morphologically. This accession of C. microcarpa was 
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donated to the NCRPIS collection from Montana, and there is no additional information 
about its exact origin. Naturalized populations of C. microcarpa have been established in 
Montana at least since the 1880s (Rydberg 1900), and perhaps the NCRPIS accession 
originated from one of these naturalized populations. In our results, it clustered with 
accessions from the former Soviet Union. 
The other non-C. sativa accession included in this analyses, C. alyssum 
(PI650132), collected in and donated from Germany, was more related to Former Soviet 
Union-origin accessions of C. sativa than to other camelina accessions. Our results 
suggest that C. alyssum also has a polyploid genome due to the multi-locus amplification 
revealed by SSR markers. Its genome size is about the same size as C. sativa and C. 
microcarpa, both of which have polyploid genomes (Hutcheon et al. 2010). 
PCoA for the Bruno distances across populations showed that accessions from 
Denmark, Germany and Sweden are closely related, and accessions from the Former 
Soviet Union, Austria, Poland and Slovenia are independent of each other (Figure 1B). 
Figure 2 shows the distribution of the pairwise Bruvo distances between individuals. 
Pairwise Bruvo distances ranged between 0 and 0.35 (mean = 0.21), where a zero means 
individuals are identical and a one means they are completely different. Based on these 
results, the camelina accessions studied seems to be closely related. Their polyploid 
nature could explain the lower degree of genetic differentiation compared to diploid 
species, as polyploids carry more than one gene copy (Meirmans and Van Tienderen 
2013). Our results also agreed with Vollmann et al. (2005) who reported a low degree of 
genetic differentiation among camelina accessions from Eastern Europe.  
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In total, 277 different alleles were amplified at 54 polymorphic loci in the 175 
individuals studied, with an average of 5.13 alleles per locus. The average of the alleles in 
an individual plant per locus ranged between 1 and 4.8, and the maximum number of 
alleles ranged from one to six, where six is the maximum possible number of the 
alleles/individual in a hexaploid species (Table 3). The total alleles across polymorphic 
loci (A) ranged from 143 to 179. The average number of alleles per locus observed in a 
given accession (A’) ranged from 2.6 to 3.3. Higher allelic diversity based on A and A’ 
parameters was found for most of the accessions from the former Soviet Union, except 
for PI 650166. Lower allelic diversity was found in PI 311735 and PI 650141, perhaps as 
a result of extensive farmer breeding to create agronomically stable landraces (Table 5).  
Table 5 shows variation in genetic diversity based on the Shannon and Gini-
Simpson diversity indices. The Shannon index ranged from 0.28 to 0.47, where higher 
values represent more diversity. The Gini-Simpson index ranged from 0.34 to 0.62. The 
Shannon index and Gini-Simpson index both supported the genetic diversity parameters 
A and A’, suggesting that the major source of genetic diversity is in accessions from the 
former Soviet Union (Table 5). Both of the non-C. sativa accessions showed high allelic 
and genotypic diversity. Our results agree with Ghamkhar et al. (2010), who suggested 
that the Russian-Ukrainian region was the center of origin for Camelina sativa, due to the 
high genetic diversity found in those genotypes.   
Analysis of molecular variance (AMOVA) showed differences among and within 
accessions; the within-accession variation was larger (88%) than the among-accession 
variation (12%) (Table 6A). The AMOVA for geographic source showed differences 
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between and within sources; nevertheless, most variation was attributed to within 
geographic sources (95%) rather than between them (5%) (Table 6B). 
Phenotypic diversity  
The first two principal components of our principal coordinate analysis (PCoA) 
showed eigenvalues >1 and explained more than 70% of the total variation for the traits 
studied (major fatty acid profile, oil concentration, mono- and poly-saturation ratios and 
1000-seed weight). PCoA clustering discriminated most of the polyunsaturated 
accessions (Figure 3, red color) from their less polyunsaturated counterparts (Figure 3, 
blue color). The PCoA also showed a clear association between geographic sources and 
fatty acid saturation ratios, where most of the accessions with high polyunsaturated fatty 
acid (PUFA) ratios originated in the Former Union Soviet (Figure 3, red color) and most 
of the accessions with low PUFA ratios originated from Denmark, Germany and Sweden 
(Figure 3, blue color).  
Phenetic relationships calculated with the Ward method showed six different 
groups. The first three clusters were more related to accessions from the Former Soviet 
Union, group four was an intermediate group formed by accessions from various origins, 
and groups five and six were more related to accessions from Denmark, Germany and 
Sweden. Ward clustering, like PCA, was able to discriminate most accessions with high 
PUFAs (groups 1 and 3) from intermediate PUFAs (groups 2, 4 and 5) and from low 
PUFAs (group 6) (Figure 4).   
Based on the results of the phenetic relationship dendrogram (Ward method) 
(Figure 4), the 35 camelina accessions sorted into six groups. Group 1 had low oil 
concentration, low oleic acid, high linolenic acid and high PUFAs. Groups 2 and 3 had 
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high oil concentration, low linolenic acid, low PUFAs, and large seed size. Group 4 had 
medium oil concentration, high linolineic acid, high PUFAs, and small seed size. Group 5 
had medium oil concentration, low linoleic acid, high linolineic acid, high PUFAs, and 
small seed size. Group 6 had high oil concentration, low linoleic acid, high linolineic 
acid, low PUFAs, and large seed size (Table 7). 
Conclusions 
The multi-locus amplification revealed by SSR-marker data seems to support the 
polyploid nature, not only of C. sativa, but also of C. alyssum and C. microcarpa.  Our 
results suggest that the camelina accessions evaluated from the  NCRPIS exhibit little 
differentiation and are highly related, supported by the close genetic distances calculated 
(Bruvo distance) and the analysis molecular of variance (AMOVA) where a high 
percentage of the variation was related to within rather than between variation for both 
geographical populations and accession. Although the accessions are closely related, it 
was still possible to identify clusters loosely based on their national source that represent 
the genetic structure of the accessions evaluated.  
Our results also support the Russian-Ukrainian region as the center of origin for 
camelina (Ghamkhar et al. 2010), due to the higher allelic and genetic diversity of most 
of the accessions from this region. The oil-quality markers were useful for identifying 
clusters of accessions grouped by the degree of fatty acid desaturation (degree of 
polysaturation) and seed characteristics, such as seed size and oil concentration. 
Clustering also was related to geographic source where high PUFA accessions originated 
in the former Soviet Union region and low PUFA accessions came from Sweden, 
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Germany and Denmark. The clustering pattern was closely related to the genetic 
distances revealed by SSR markers.  
The genetic and phenotypic variation for fatty acid composition and oil content 
allows selection of promising and less- or unrelated accessions (greater genetic distances) 
to expand the genetic base in camelina enhancement programs. The results could be used 
as a tool to aid genetic collection management, and to provide insights on whether 
collection quality would be improved by expanding holdings (new accessions) and 
whether selection of divergent accessions for breeding programs is appropriate. 
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Figure 1. (A) Principal coordinate analysis (PCoA) for 35 camelina accessions by genetic 
distance, where red: Former Soviet Union (FSU), yellow: Germany (GER), blue: 
Denmark (DEN), green: Sweden (SW), light green: Poland (PO), white: Slovenia (SLV), 
dark red : Austria (AUST), and purple: United States of America (USA). (B) Principal 
coordinate analysis (PCoA) for the eight geographical populations of camelina.  
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Figure 2. Distribution of the pairwise comparisons of the Bruvo genetic distance between 
accessions of Camelina spp. individuals. Pairwise Bruvo distances ranged between 0 and 
0.35 (mean = 0.21), where 0 indicates that individuals are identical and 1 reflects total 
divergence.   
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Figure 3. Principal component analysis for seed-oil components in camelina; OIL: oil 
concentration (%), SW1000: thousand seed weight, C 18:19 : oleic acid, C18:2: linoleic 
fatty acid, C18:3: linolenic fatty acid, C20:1 eicosenoic fatty acid. Blue indicates 
monounsaturated fatty acid accessions (MUFA), grey indicates intermediate values of 
polyunsaturated fatty acids and red indicates high polyunsaturated fatty acids (PUFA) as 
a percentage of total seed oil. Country refers to the geographic source.  
 
 
 
 
 
 
 
 
 
 
!!!Country!
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Figure 4. Phenetic relationship (seed-oil composition traits) for 35 accessions from the 
USDA-ARS oilseed collection weighted by the Ward method. Blue indicates low 
polyunsaturated fatty acids, grey indicates intermediate values of polyunsaturated fatty 
acids, and red indicates high polyunsaturated fatty acids as a percentage of total seed oil.  
 
Germany
Poland
Former Soviet Union
Former Soviet Union
Former Soviet Union
Former Soviet Union
Slovenia
Former Soviet Union
Former Soviet Union
Former Soviet Union
Sweden
Former Soviet Union
Poland
Former Soviet Union
Poland
United States
Denmark
Sweden
Denmark
Denmark
Denmark
Sweden
Germany
United States
Germany
Germany
Austria
Former Soviet Union
Slovenia
Germany
Sweden
Sweden
Germany
Denmark
Sweden
PI 650132
PI 633191
PI 258366
PI 258367
PI 304269
PI304270
PI 304271
PI 311735
PI 597833
PI 633192
PI 633193
PI 633194
PI 650141
PI 650142
PI 650144
PI 650145
PI 650146
PI 650148
PI 650149
PI 650150
PI 650151
PI 650153
PI 650156
PI 650159
PI 650160
PI 650161
PI 650162
PI 650164
PI 650165
PI 650166
PI 652885
PI 652886
PI 650147
PI 650154
PI 650163
1 
6 
5 
4 
3 
2 
PI 650151
	   64 
Table 1. Camelina accessions sampled from the USDA-ARS-NCRPIS oilseed collection. 
All accessions are Camelina sativa, unless *Camelina alyssum or †Camelina microcarpa. 
§Information from GRIN (USDA-ARS germplasm database).  
Accession ID Source Country Name Type§ 
PI 650164 Austria CSS-CAM38 Uncertain status 
PI 597833 Denmark 163-2073-72 Cultivated material 
PI 650142 Denmark CS-163-2073-72 Uncertain status 
PI 650144 Denmark Boha Uncertain status 
PI 650150 Denmark Hoga Uncertain status 
PI 258366 Former Soviet Union VNIIMK 17 Cultivar 
PI 258367 Former Soviet Union Voronezh 349 Cultivar 
PI 650153 Former Soviet Union CPS-CAM10 Uncertain status 
PI 650154 Former Soviet Union CSS-CAM25 Uncertain status 
PI 650156 Former Soviet Union CSS-CAM29 Uncertain status 
PI 650160 Former Soviet Union CSS-CAM34 Uncertain status 
PI 650161 Former Soviet Union CSS-CAM35 Uncertain status 
PI 650163 Former Soviet Union CSS-CAM37 Uncertain status 
PI 650165 Former Soviet Union CSS-CAM7 Uncertain status 
PI 650166 Former Soviet Union CSS-CAM8 Uncertain status 
PI 633192 Germany CR 476/65 Wild material 
PI 633193 Germany CR 492/94a Cultivar/Landrace 
PI 633194 Germany Giessen Nr. 3  Cultivar/Landrace 
PI 650132* Germany   Uncertain status 
PI 650145 Germany BRSCHW 28347 Uncertain status 
PI 650148 Germany Giessen #3 Uncertain status 
PI 650149 Germany Giessen #4 Uncertain status 
PI 311735 Poland Borowska Uncertain status 
PI 650159 Poland CSS-CAM33 Uncertain status 
PI 650162 Poland CSS-CAM36 Uncertain status 
PI 652885 Slovenia Slovenia-1 Landrace 
PI 652886 Slovenia Slovenia-4 Landrace 
PI 304269 Sweden No 402 Breeding line  
PI 304270 Sweden No. 403 Breeding material 
PI 304271 Sweden No 406 Breeding line  
PI 650146 Sweden BRSCHW 30021 Uncertain status 
PI 650147 Sweden Came Uncertain status 
PI 650151 Sweden Svalof Uncertain status 
PI 633191† United States NU 60689 Uncertain status 
PI 650141 United States NU 52279 Cultivar 
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Table 2. Seventy-three microsatellite loci used in this study developed in C. sativa cvs. 
‘Lindo’ and ‘Licalla’ by Agriculture and AgriFood Canada (AAFC).  
Primer Forward Primer Reverse Primer Lindo - band size Licalla - band size LG 
CS1G04 ACCCTTACCCTCAAACTCCC TGTTTATGGGACAGCATCCA 290 290  
CS1G06 GCTTAAAATTGCCATTCCGA ATTTGACTTTTCTTGGGGCA 343/358 343/360 C3 
CS1G07 TCAGGAACAATGAAGGGCTC GTGGGCTGTTGACGATTTCT 405 405  
CS1G10 GTGCCAAGGTTCTTTGTGGT GAGAACAAGAACCGGTCCAG 471/481 472/482 C14/C3 
CS1G11 AATTCTGCGCAAGGAAAAGA GGATTAAAGCTGGATGGCAA 311 309 C14  
CS1G17 AACCAATCCCCGAAGCTAAA GAACGGTCTCAGTAGCGAGG 350, 358 350, 358, 362 scored 
CS1G22 CCCTAAGCAGCCTTGTCAAC TCCAAGAGATTTGGGTCCTG 367/369/373 367/373 C3? 
CS1G23 AACGAGGCAGCCATTATTGT GAAGGGATTCCCAACCATTT 327 328 scored 
CS1G26 TGGGAAATCACTTGGAGGTC AGTGACAAGCCATGTGACCA 228 239 scored 
CS1G27 ATTCTTCGATTTCTCCGTCG TGGCTCCTCACTGAAAGGTT 234 238 C17 
CS1G30 CAACAACCAAGGTTTTGGAA CTTGTCGCACTTCTTGGTGA 185/189/225 185/189/237 C14 
CS1G35 TCCACAAGAGCTTGCACATC TCGTTTCCCCTCTCTTTCAA 415 417 C3 
CS1G39 AACAGACGATGCACCCTACC TCATTCTTCTGCGGACAGTG 90 90  
CS1G40 AATTGAGAGTTTCCCGACCA TACTTACCAAATCGCCCTCG 435 435  
CS1G41 TTTCGTGGAGGAGAAACACC CGTCCCACTCAATGTTGTTG 315/318/324 315/318/321 C17 
CS1G50 ACGGAGGAAAAGTACCCACC CGAGAGAAGGTCGGATTGAG 154 154  
CS1G55 TGCCCAACTGGGACTCTATC TTGGCACCATAGAGACAGAGAA 275 275  
CS1G57 TCTCCGAAAGCAACTGCATA AAAACAAGGCAGGCTTTTCA 364 362 C16 
CS1G59 TCGCGGATTTGGATAGAATC GAAACCCTAGCCACGTCAAA 349/355 340/349/355 C7 
CS2G64 TTCTTCCGATCACCTCTGCT ATCTGGGTTTCGTTGTTTCG 275/357 275/351 C9 
CS2G67 GAAGGAGAAAAGAGAAAACATGAGA AGATTGTGAGAAGGGCATGG 430/439/447 430/437/445 C19/C15 
CS2G68 AAACGCCAAAAGAAGAAGCA TCCGTTTGTTTTTCCCCATA 322 321 C1 
CS2G75 CACGGTTGTGAATGGTTGAG TCCATGAAAGGACCTTGAGC null? 319 C15 
CS2G76 TACCCAAAACCTGCTCCTTG TTCTCCCAGCAAAAATCACC 188/189 190/191 scored 
CS2G80 ATGAGCAGTTTCCCAACCAC CCAATAGTCTCTTCTTCTTCCTCC 209 Null scored 
CS2G82 GAGTCATTGCTCGACGTGAA AGGCAAACTTCGAACGAGTC 134 128 scored 
CS2G82 GAGTCATTGCTCGACGTGAA AGGCAAACTTCGAACGAGTC 204 204  
CS2G83 TAATCCGTCGCTTCCGATAC TTTTTCGTGTTGGGGAGAAC 132/138 132/135 C16 
CS2G88 ACGAGGAACACATCGCCTCT AGCTGTCTGCTGAGTTGGGT 151/227 170/227 C6 
CS2G89 GCTTTGATTGAAGGAGCTGG AAATGATGGCACTGGAGGAG 335/350/378 350/353/378 C6 
CS2G90 CTTCTCACTCAGAAACCGCC CCTTTAGCTGTTTTGCGGTC 233 233  
CS2G93 TTTTGCATTCCTCGCTCTCT CACGGCGGCATTTTACTAAT 353 355 scored 
CS2G94 GCAAAACTAACCATTCCCCA GGTCATGGTTCAGGCAGAGT 175/210 175/218 C6 
CS2G98 TCTGGGGATACCCCTTAGGT TGAACGACATGGCTTCTCTG 354 352 C5 
CS2G99 TCAAGGGAAACTGCAAAACC GACACTGCCTTGAGACGTGA 514 504 scored 
CS3G102 CAGCAAATGTGCAGTCAATG GAAAGCAAAGTGAGAACGCC 177 177  
CS3G104 AGAAGCTGGCTGCTGCTTAG GATAGCGCATTGGGATGATT 514 437/504 C1 
CS3G114 GACAGGTGATAGAGCGGAGC GCACGAGGATCTCATATATCTCTTT 132/209/216 132/209/212 C19  
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Table 2. Continued     
CS3G118 GATTCCTAAACGTTGTCTGCAA TGATCCTAAACGAAACCCCA 467 476 C15 
CS3G121 GATGCATGGATACCAAACCC GCTATGAGATGGCTTCTCCG 221 215 scored 
CS3G124 CAAGGGGCACGAGATAAAGA CCCAAGGGACACAAGAGGTA 281 278 C1 
CS3G133 CAATCAGTTTTGGAAACCTAAGC TGGCTTAATCAGACCGATCC 163/171/205 163/171/191 C4 
CS3G134 TAGGTTACATCGGCGAGCTT TCCAAGATTCATCTCCCTCG 334/336 332/336 C3 
CS3G136 TCGGCATGATCGGTGTATTA CCAACCCCCAAAATTTATCC 209/212/221 209/212/215 C6 
CS3G141 AATCATCCTTCCAAACGTGC TGCAATGCCACTTACGAGAG 336/342/346/352 339/346/352 C4 
CS3G143 AATGGACAAGATCACCTCCG TTGGCAAAACGCAATAAACA 570 506/570 C10 
CS3G147 AACCTGTTTGGGATAGCGTG GTGGGAACGTTGTTTGACCT 205 207 scored 
CS4G149 TGATCTCTTGTACGGCAACG AGGGTTTCTGTTTGTCATCA 256/259/261 256/261 C8 
CS4G153 GGCCGAGGTTGAGTGTTTTA AAGCATCAGGGAATTATCCAA 339 340 C8 
CS4G154 CACGAGGCTCCCTCTTAAAAT TCGTTGACCCTTTTCCAAAC 192/209/220 192/205/220 C8 
CS4G155 GCCCAAAACCACTCTCACAT GCTGAGTTACAGAGGAGAACGA 138/143/150 138/143/154 C13 
CS4G160 CCACATCCCATAACTACTAAAACCA CTAGCGCGATCTCTGCTTCT 329 307 C8 
CS4G164 TGTGGAATTGTGAGCGGATA TCCTTGGCTTGCTTCAGTCT 419 null? C4 
CS4G165 GCTGCAGGAAAAAGACCAAT TGCCTTCGTGTTCCATCATA 171 171, 173 scored 
CS4G166 CAAGCACCATGTTTGGTTTG TGGTGACCTGAGTGGATGAA 169/173 171 C11/C10 
CS4G168 CTTGGCTTTGAAGCAACACA CGTCCTAGTGGGTATGCGAT 331/337 331/335 C12 
CS4G179 AACACGTCGATGAGCACAAG TGAGCGTTATTTTCATGGCA 103/104, Null 103/104, 107/108 scored 
CS4G180 CCCCCTTCGTCTCTCTCTTC TTTTGGCTGTCTCTTCGGTT 117 117  
CS4G182 CTCGTGGGTCTCTTTTGGAT AAAATCCTTCCCAATCCCAC 355 355  
CS4G187 GGCACGAGGTTTTTGTTTTG CCGTTTGTAGCATTTCCGTT 214, 226/227 204, 226/227 scored 
CS5G192 GGCTCTCTTCTTCATTCGCA AAACCTGAGAGGAGGGAGGA 245 246/247 scored 
CS5G196 TTACCACTACTTCCACCGCC TTCTTGATCGTGTTCAGAAATCA 249/289 251/294 C20/C13 
CS5G199 ACAGGCTTCAAAACCACACC AAGTTCTCTCTCGCAGACGC 476/492 474/491 C13/C8 
CS5G207 GCATCAAACATCAACGCAGT CTGAAGACGATGCAGATCCA 293 291 C20  
CS5G209 TTCAGGCCTATCAGTGTCCC TTGCAAGTACGTCAAGGCTG 406 406  
CS5G214 GGTGAAACTTATAGCCCCACA AGAAACTGCTCGCGTTGATT 270 270  
CS5G216 GAATCAAAATATTCCGGCGA GGCACGAGGAACAAAGAAAA 219 213 scored 
CS5G222 ACGGACAGGCTTGTTAATGG GAAAAATTTGGCGGTGAAGA 259/279 259/267 C10 
CS5G225 CCAAAAAGATCGCGTAAAGC GACGCTCTTTGAAGACGGAG 246/273/285 246/274/285 C10 
CS5G230 GCACCATTCTCACAACATCG CGAGCGTTGTCTTCTAAGGG 141/142 140/141/142 scored 
CS5G234 ATCCGAAAACCCCATAGTCC TGTCGGAGAAGCTCAAACCT 479 479  
CS5G235 ACAGCTTGAGCAGCAATCAA CGCTCTGCACGTCTTACTTG 310 310  
CS5G237 CGAGGCACCCTAAAACCTAA CCATGGAAAGAGGAATCGAA 296 297 scored 
CS5G245 CGGTGGTCGTCGATTACTCT GAGCGAGCCTAAGTGGTTTG 296 297 scored 
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Table 4. Number of samples with multi-locus alleles. The total samples studied  came 
from 54 loci, sampled over 175 individuals from 35 accessions.   
Number of alleles per sample Number of samples % 
6 alleles 51 0.5 
5 alleles 306 3.2 
4 alleles 671 7.1 
At least 3 alleles 8422 89.1 
Total 9450 100 
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Table 5. Allelic and genetic diversity indexes of 35 accessions of Camelina spp. Allelic 
diversity was measured as the total of number of alleles over all loci (A), and the number 
of the alleles in a accession, averaged over loci (A’).  
PI Source Country Taxon 
Allele diversity Genetic diversity 
A A' Shannon1 Gini-Simpson2 
PI 311735 Poland Camelina sativa  143 2.6 0.28 0.34 
PI 650141 United States Camelina sativa  149 2.8 0.28 0.35 
PI 650144 Denmark Camelina sativa  150 2.8 0.30 0.38 
PI 633193 Germany Camelina sativa  142 2.6 0.30 0.39 
PI 650142 Denmark Camelina sativa  152 2.8 0.31 0.39 
PI 304269 Sweden Camelina sativa  152 2.8 0.31 0.39 
PI 650145 Denmark Camelina sativa  146 2.7 0.31 0.41 
PI 650149 Germany Camelina sativa  157 2.9 0.34 0.44 
PI 650147 Sweden Camelina sativa  151 2.8 0.35 0.45 
PI 633194 Germany Camelina sativa  156 2.9 0.36 0.46 
PI 650166 Former Soviet Union Camelina sativa  157 2.9 0.36 0.46 
PI 650159 Poland Camelina sativa  155 2.9 0.37 0.47 
PI 304271 Sweden Camelina sativa  158 2.9 0.37 0.48 
PI 650146 Denmark Camelina sativa  166 3.1 0.37 0.49 
PI 633192 Germany Camelina sativa  166 3.1 0.38 0.49 
PI 650150 Denmark Camelina sativa  172 3.2 0.38 0.50 
PI304270 Sweden Camelina sativa  165 3.1 0.39 0.49 
PI 597833 Denmark Camelina sativa  160 3.0 0.39 0.49 
PI 650163 Former Soviet Union Camelina sativa  169 3.1 0.39 0.52 
PI 650162 Poland Camelina sativa  171 3.2 0.40 0.54 
PI 650165 Former Soviet Union Camelina sativa  165 3.1 0.40 0.54 
PI 650164 Austria Camelina sativa  160 3.0 0.41 0.53 
PI 650153 Former Soviet Union Camelina sativa  163 3.0 0.41 0.53 
PI 650148 Germany Camelina sativa  169 3.1 0.41 0.53 
PI 652885 Slovenia Camelina sativa  172 3.2 0.41 0.55 
PI 650161 Former Soviet Union Camelina sativa  173 3.2 0.43 0.58 
PI 258367 Former Soviet Union Camelina sativa  173 3.2 0.44 0.56 
PI 652886 Slovenia Camelina sativa  166 3.1 0.44 0.58 
PI 650151 Sweden Camelina sativa  178 3.3 0.45 0.58 
PI 650160 Former Soviet Union Camelina sativa  169 3.1 0.45 0.59 
PI 633191 United States Camelina microcarpa  176 3.3 0.45 0.61 
PI 258366 Former Soviet Union Camelina sativa  177 3.3 0.45 0.60 
PI 650154 Former Soviet Union Camelina sativa  170 3.1 0.46 0.61 
PI 650156 Former Soviet Union Camelina sativa  179 3.3 0.46 0.62 
PI 650132 Germany Camelina alyssum  178 3.3 0.47 0.62 
1Shannon index: higher values represent higher diversity 
 
2Gini Simpson = 1- Simpson index: chance that two individuals are different, range from 0 to 1, where 0 means no 
diversity and 1 means maximal diversity
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Table 6. Analysis of molecular variance of (A) 35 accessions of camelina and (B) eight 
geographic sources.  
6A. AMOVA table for Accessions         
Source df SS MS Est. Var. % Var 
Among accessions 34 1360.8 40.0 3.3 12 
Within accessions 140 3292.8 23.5 23.5 88 
Total 174 4653.6   26.8 100 
            
6B. AMOVA table for geographic sources      
Source df SS MS Est. Var. % Var 
Among sources 7 384.0 54.9 1.4 5 
Within sources 167 4269.6 25.6 25.6 95 
Total 174 4653.6   27.0 100 
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CHAPTER 4. MAPPING QUANTITATIVE TRAIT LOCI FOR OIL 
CONCENTRATION, SEED SIZE AND FLOWERING TIME IN Camelina sativa 
(L.) Crantz 
 
Abstract 
Camelina sativa is considered as a potential new crop for biofuels, animal feed 
and industrial applications. Although it was used as a crop in Europe until the middle of 
the 20th Century, limited agronomic research or varietal development has been 
accomplished. Improvement of strategic traits may determine its success as an alternative 
crop. In this study, quantitative-trait loci (QTL) for oil concentration, thousand-seed 
weight, and days to 50% flowering were analyzed in an F2 population derived from a 
cross between parental lines with high and low oil concentration, evaluated in a replicated 
experiment in Ames, IA and Bozeman, MT. One hundred eighty eight F2:3 germplasm 
lines were evaluated; however, only a subset of 73 lines were genotyped with single 
nucleotide polymorphism (SNP) markers. The results showed two QTL associated with 
oil content, one associated with thousand-seed weight and one associated with days to 
50% flowering. Lines were discovered in the mapping population with favorable 
thousand-seed weights and days to 50% flowering, which suggests that breeding can 
improve valuable traits in camelina, allowing it to become a more competitive crop. 
Introduction 
 Camelina is a promising and unexploited crop feedstock for the biofuel, animal 
feed and nutraceutical industries due to its oil composition (Lu 2008), low input 
requirements (Putnam et al. 1993), and productive capacity in dry environments and low-
fertility soils (Conn et al. 1998).  
 Camelina seeds have a high oil content from 30 to as high as 46% (Zubr 2003 and 
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1997), and over 80% of the oil is composed of the fatty acids oleic acid (C18:1), linoleic 
acid (C18:2), linolenic acid (18:3), and eicosenoic acid (C20:1). Linoleic acid (32% of 
total fatty acids) is an important feedstock for industrial materials (Schuster and Friedt 
1995).  
     Because of its unique fatty acid composition and potential yield, camelina has been 
considered as a good feedstock for jet fuel, since it can provide the same fuel efficiency 
as petroleum-based jet fuel, and its use can reduce fossil carbon emissions by 80% 
(Shonnard et al. 2010). Critical factors such as adaptation, yield, agronomics, oil 
concentration, fatty acid composition and glucosinolate content will strongly influence its 
success as an alternative crop. Basic requirements for oilseed markets could be met by 
different camelina accessions. There may be accessions that uniquely produce 
unsaturated, long-chain fatty acids, especially oleic (18:1) and linoleic (18:2) acids, for 
biodiesel production, low glucosinolates (a toxic compound found in many brassicas) in 
seed meal for animal feed use, or high omega-3 fatty acids for nutraceutical uses. 
Genetic studies of C. sativa have established that it is a polyploid member of the 
Brassicaceae (Galasso et al. 2010; Gehringer et al. 2006). Hutcheon et al. (2010), by 
using primers developed in Arabidopsis thaliana specific for the fatty acid biosynthesis 
genes fatty acid elongase, FAE1, and fatty acid desaturase, FAD2, identified three copies 
of each gene in the C. sativa genome, providing evidence for its hexaploid nature. 
According to Hutcheon et al. (2010) the triplication of the C. sativa genome could have 
resulted from two polyploidization events (first tetraploid then a hexaploid), similar to 
that of cultivated wheat. Diploid inheritance in C. sativa also suggests that of an 
allopolyploid rather than of an autopolyploid (Comai 2005; Hutcheon 2010); however, 
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gene copies could not be assigned to specific genomes. The allohexaploid genome 
possibly resulted from intermating of close relatives within the genus Camelina. C. sativa 
possesses a 2n chromosome number of 40 (Galasso et al. 2010; Gehringer 2009; 
Gehringer et al. 2006; Mulligan 2002; Warwick et al. 1999) and a genome size of 
~750Mbp (Hutcheon et al. 2010).   
 Several genetic diversity studies have been conducted on camelina. Vollmann et al. 
(2005) used random amplified polymorphic DNA (RAPD) to survey 41 camelina 
accessions and found low genetic diversity among them. Ghamkhar et al. (2010) 
surveyed 53 different camelina accessions with eight amplified fragment length 
polymorphism (AFLP) markers and found a high degree of variability between and 
within accessions, and suggested that camelina’s center of origin could be Russian-
Ukrainian. Manca et al. (2012) evaluated the genetic diversity of 40 camelina accessions 
with microsatellite markers (SSR) and attributed 57% of the variation observed to be 
among accessions and 42.6% to be within accessions.  
 Oil-concentration and seed-size traits have been targeted in camelina breeding 
programs (Vollmann et al. 2005)  in order to increase oil yield per area and to improve 
harvest efficiency by producing larger seeds. Additionally, early flowering has a direct 
effect on seed filling and yield. Few quantitative trait loci (QTL) in Camelina sativa have 
been identified. In 2006, Gehringer et al. found eight QTL related to oil, seed and plant 
traits linked to AFLP markers. Enjalbert (2011) found 29 significant QTL for flowering, 
seed yield, oil content and linolenic acid content. Both genetic maps were developed 
based on the same population, which was composed of 181 recombinant inbred lines 
(RILs) from a cross between the cultivars ‘Lindo’ and ’Licalla’ and 157 AFLP markers; 
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the genetic map consisted of 20 linkage groups (Gehringer 2009; Gehringer et al. 2006). 
Finer-scale linkage maps are needed to identify the chromosomal locations of genes 
controlling strategic traits. To better understand the genetic control of oil concentration, 
seed size and flowering time in camelina, we developed a QTL analysis based on single 
nucleotide polymorphism (SNP) markers. The objective of this study was to map QTL 
hotspots associated with strategic traits in C. sativa, such as oil concentration, seed size 
and flowering time, by using multi-location phenotypic data from an F2 segregating 
population created by crossing two parental populations, one with low oil concentration 
and one with high oil concentration.  
Methodology 
Mapping population  
 A mapping population of 188 F2 plants was developed from a cross between two 
camelina accessions, CS1 and CS5; both are accessions from Denmark, CS1 corresponds 
to the cultivar “163-2073-72” (PI 597833) and CS5 to the cultivar called Boha (PI 
650144); however, the degree of inbreeding or purity of a line is unknown. The cross was 
developed by the company Sustainable Oils in Bozeman, MT. CS1 was the low oil-
concentration parent and CS5 the high oil-concentration parent. Seeds of the F1 cross and 
the parental lines were received from Sustainable Oils and ~400 seeds planted in 
individually in one kilo soil pots (12 cm diameter, 11 cm tall) in the USDA greenhouse at 
Iowa State University, Ames, IA, in an isolated room at the beginning of March 2011. F2 
seed was harvested from 188 individual unbagged plants, and planted in 2011 at two 
replications and two locations, one at the North Central Plant Introduction Station 
(NCRPIS) in Ames, IA, and the other at the Sustainable Oils breeding station in 
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Bozeman, MT. Each F2 line was planted in an individual 15-foot row. A bulk F2:3 seed 
sample of each line was used to determine oil concentration and 1000-seed weight; days 
to 50% flowering time were recorded. Both experiments were planted on June 1, 2011. 
Lines at Ames, IA were harvested between August 3 to 9, and those in Bozeman, MT, 
from September 4 to 7.  
Genomic DNA isolation and screening for SNP markers  
Green tissue was sampled from young leaves of five plants per F2 line 20 days 
after germination. Genomic DNA was extracted by using the cetyltrimethylammonium 
bromide (CTAB) procedure developed for maize (Dietrich et al. 2002). The Illumina 
genotyping assay was developed at and carried out by Agriculture and Agri-food in 
Saskatoon, SK, Canada, with 767 single nucleotide polymorphism (SNP) markers in 73 
F2:3 plants. Five hundred thirty five markers accounted for both monomorphic and 
polymorphic SNPs, the other markers could not be scored in the population studied.  
QTL analysis 
 QTL analysis for quantitative traits was conducted by composite interval mapping 
(CIM) with Windows QTL Cartographer V2.5 (Wang et al. 2012). A recombination map 
was used with markers that fit a 1:2:1 segregation ratio according to the X 2 test. We also 
used a genetic map developed by Agriculture and Agri-food Canada (Isobel Parkin, 
personal communication) as a reference map. The CIM analysis was run with the forward 
and backward stepwise regression procedure with a walking speed of 1 cM, and a 
window size of 10 cM. The logarithm of odds, or LOD, threshold for a Type I error (P < 
0.05) was calculated with 1,000 permutations independently for each trait evaluated. 
Additive and dominant QTL effects, the degree of dominance, and the proportion of 
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phenotypic variance explained by QTL (R2) were estimated at the highest peaks depicted 
by the QTL analysis. 
Phenotypic analysis  
Seed was harvested when mature and bulked from each F2 individual and the 
parental lines. Seed-oil concentration was determined by pulsed nuclear magnetic 
resonance (pulsed NMR) by using a Bruker Minispec MQ20 (Karlsruhe, Germany), with 
a 0.47 T permanent magnet maintained at 40ºC, and provision of hydrogen nuclei with a 
resonance of 20 MHz. The instrument was calibrated with camelina standards of known 
oil content based on a calibration curve (R2=99.8). Seeds in 18 mm test tubes were 
preheated to 40ºC before analysis. After analysis, the samples were dried by using the 
AOCS method Ca 2c-25 (AOCS 1995) to determine moisture content and calculate oil 
concentration on a dry-weight basis. All samples were run in duplicate.  
 Phenotypic data were analyzed with R software (v 3.01, 2013) and Statistical 
Analysis System (SAS 2009). The R package ggplot2 was used to develop the 
histograms. In SAS, PROC GLM was used to generate the analysis of variance 
(ANOVA), and PROC CORR was used to analyze correlations among the traits (oil 
concentration, 1000-seed weight, and days to 50% flowering).  
Results and discussion 
Phenotypic data analysis  
 ANOVA results showed that oil concentration had a strong environmental 
component; thus, ANOVA was conducted individually by environment for this trait. Oil 
concentration in the bulked F2:3 samples ranged from 18% to 36% for Ames, IA, grown 
seeds and from 35% to 42% for those grown in Bozeman, MT. The low oil parent had 
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28.9% seed oil, and the high parent had 30.5% seed oil. The normal distribution of trait 
values is related to the continuous genetic variation present among the bulked F2:3 
samples (Table 1, Figure 1) , and normality tests were non-significant (Shapiro-Wilk and 
Q-Q plot).  For 1000-seed weight (TSW) and days to 50% flowering, genotype-by-
environment (GE) interaction was not significant. TSW ranged from 0.6 to 1.1 grams in 
Ames, IA, and 0.80 to 1.25 in Bozeman, MT; the highest value in both locations 
corresponded to the same F2:3 line (line 422).   
Days to 50% flowering ranged from 25 to 37 days in Ames, IA, and from 35 to 52 
days in Bozeman, MT. In both locations, line 264 was the earliest flowering line, and the 
latest flowering line was line 488 (Table 1, Figure 1). It is likely that the same lines were 
identified for TSW and 50% flowering in both locations because variance was due 
primarily to genotype. More generally, positive, high correlations were found between 
TSW from Ames, IA, and TSW from Bozeman, MT, as well as for days to 50% 
flowering (Table 2). TSW was negatively correlated with oil concentration within and 
between environments (Table 2). Similar results have been reported by Enjalbert (2011), 
Gehringer et al. (2006), and Vollmann et al. (2007). Gehringer (2009) reported that a 
negative correlation between oil concentration and seed size reflects an increase in 
protein content or in the thickness of the seed coat with increasing seed size. The 
correlations were significant (P=0.05), but were low (-0.25) in both our research and 
those reported in the literature. 
Linkage mapping and QTL identification 
 Of the total SNP markers evaluated, 72 of 535 (14%) fit an expected 1:2:1 
segregation ratio, meeting the X2 test (alpha=0.05). However, more than one segregation 
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ratio pattern was presented in the study population. Besides the 1:2:1 segregation; 5:2:1 
and 1:2:5 patterns were observed which means that at least one or both of the parents 
were heterozygous and not completely inbred lines. We hypothesized that the F2 was 
made from multiple F1s that probably were either selfed or intermated. Consequently, 
when crossing at least one heterozygous parent Aa×AA, a 1:1 segregation is obtained in 
the F1, AA and Aa; when the F1s are selfed or intermated the following segregation ratio 
is5:2:1 or 1:2:5. Our results showed high segregation distortion; hence few markers fit the 
excepted segregation ratio of 1:2:1, 5:2:1 and 1:2:5. Segregation distortion could be 
related to the polyploid nature of C. sativa (Comai 2005) and likely affected the 
clustering of the genotypes due to secondary SNPs in existing paralogs, which led to 
possible genotyping errors and a high number of non-scoreable SNP markers. 
According to the Chisquare test (p-value > 0.05), 72 SNPs follow the 1:2:1 pattern, 41 
the 1:2:5 pattern and 58 the 5:2:1 pattern (table 3). These findings suggest that the parents 
were not completely inbred lines. Figure 2 shows the visual representation of the three 
different segregation ratios (1:2:5, 1:2:1, and 5:2:1). This statement is supported because 
the 5:2:1 and 1:2:5 classes together exceed the 1:2:1 expected class, hence at least one of 
the parental lines was quite variable and not an inbred. Although the 5:2:1 and 1:2:5 maps 
could be generated, software limitations just allow one segregation pattern and not the 
combination of all of them, thus the linkage map was made with the SNP that follows the 
1:2:1 pattern. The markers were used to construct a linkage map that could be associated 
with oil concentration, 1000-seed weight and days to 50% flowering. The final map 
encompassed only 16 of the 20 known linkage groups; due to the limited number of 
markers, some linkage groups were skipped. However, the linkage groups could be 
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assigned to specific chromosomes based on the reference map supplied by the laboratory 
of Dr. Isobel Parkin at Agriculture and Agri-food, Saskatoon, Canada. The distance 
between markers ranged from 1.3 to 65.8 cM with an average distance of 10.7 cM. From 
the CIM analysis with 1000 permutations, LOD scores were calculated to establish the 
presence of QTL linked to the traits studied. Oil concentration and days to 50% flowering 
had a LOD score cut-off of 2.6, and 1000-seed weight had a LOD score cut-off of 2.5.  
 Four QTL controlling the traits evaluated in the F2 lines were identified, located on 
four different linkage groups (LG). One locus controlling 1000-seed weight was detected 
on LG-9 (CS-TSW_1) with a LOD score of 2.8, which explained 19.3% of the 
phenotypic variance. Gehringer (2006) reported two QTL for TSW for seeds produced 
under no soil nitrogen (N) application and under a 80kg/ha N treatment; one was on LG-9 
and explained 12% of the phenotypic variation, and is located close to the QTL_CS-
TSW-1 detected in this study. Enjalbert (2011) found two QTL for TSW, one was also 
located on LG-9 (phenotypic variation 18.50%) in a population evaluated under dry and 
irrigated conditions.  
 A locus controlling days to 50% flowering was detected on LG-7 (CS-FLW_1) 
with a LOD score of 2.7, which explained 25.5% of the phenotypic variance (Table 3, 
Figure 3). Enjalbert (2011) reported four QTL in a population evaluated under dry and 
irrigated conditions, one of which fell on LG-7 and explained ~25% of the phenotypic 
variance.  
 For oil concentration, no QTL were detected on the basis of data from Ames, IA. 
The F2 lines at that location were not growing under optimal conditions due a prolonged 
drought and high temperatures from sowing to flowering time. In Bozeman, MT, the 
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growing conditions were optimal for camelina, and two QTL controlling oil 
concentration were detected on LG-11 (CS-Oil_1) and LG-14 (CS-Oil_2). The QTL CS-
Oil_1 was located at the top of LG11 with a LOD score of 2.7 and explained 4.3% of the 
phenotypic variance. The second QTL CS-Oil_2 was located in the middle of LG14 with 
a LOD score of 2.9 and an explained 3.8% of the phenotypic variance. Low R2 could be 
explained because variation for this trait is explained by many minor QTL (Table 4, 
Figure 4). Locus CS-Oil_1 had a negative additive effect of -0.39, whereas locus CS-
Oil_2 had a positive additive effect of 0.68. Negative effects are correlated with the low 
oil-concentration parent (CS1) and positive effects with the high oil-concentration parent 
(CS5). All of the QTL detected by the genetic map with the 76 markers were detected 
almost at the same position and LG in the reference map, thus the reference map could be 
used to detect candidate regions for flanking markers and thereby help locate the actual 
genes controlling the traits evaluated (Figures 3 and 4). 
Conclusions 
Three segregation patterns were identified in the population studied (1:2:1, 5:2:1, 
1:2:5), the presence of 5:2:1 and 1:2:5 patterns indicate that at least one or both of the 
parents were heterozygous and not completely inbred lines. Additionally, high 
segregation distortion was presented; hence few markers fit the excepted segregation 
ratio of 1:2:1, 5:2:1 and 1:2:5.  
We identified two QTL associated with oil content, one associated with 1000-seed weight 
and one associated with days to 50% flowering.  The QTL mapping population that we 
developed allowed us to identify outstanding lines with potential for further breeding. 
These results will facilitate the identification of the right allele combinations to 
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accomplish a variety of breeding goals by harnessing significant QTL associated with the 
traits evaluated. Notably, two of these QTL have also been reported in similar 
chromosomal regions in other camelina mapping populations. Also, the positions of these 
QTL in the reference map supplied closely resembles those in our recombinant map.  
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Figure 1. Frequency distribution of oil concentration (A), 1000-seed weight (B), and days 
to 50% flowering (C) for an F2 mapping population in Camelina sativa at two locations, 
Ames, IA and Bozeman, MT. 
(A)	  
(B)	  
(C)	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Figure 2. Visual representation of the segregation patterns 1:2:1, 5:2:1, and 1:2:5 
presented in the F2 segregation mapping population. Parent A (blue), parent B (green) 
and H (red) are the heterozygous (AB).  
 
 
 
 
 
 
 
 
 
 
 
 
5:2:1 1:2:1 1:2:5 
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Figure 3. Location of a locus for days to 50% flowering on LG-7 and another for 1000-
seed weight (g) on LG-9 in an F2 mapping population of Camelina sativa grown in Ames, 
IA and Bozeman, MT. The left side corresponds to our genetic recombination map; the 
right side corresponds to the reference map.  
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Figure 4. Location of QTL for oil concentration on LG-11 and LG-10 in an F2 mapping 
population of Camelina sativa grown in Bozeman, MT. The left side corresponds to our 
genetic recombination map; the right side corresponds to the reference map.  
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Table 1. Phenotypic variation of the F2 population and parental lines for oil concentration 
(%), 1000-seed weight (g) and 50% flowering time (days).  
  Ames, IA 
  Parental lines F2 population 
  CS1§ CS5¶ Average MIN MAX 
Oil concentration 
(%) 28.9 30.5 28.5 
 
 
 
18.9 35.1 
1000-seed weight 
(g) 0.78 0.80 0.78 0.58 1.10 
50% flowering 
(days) 29 33 30.4 25 37 
  Bozeman, MT  
  Parental lines F2 population 
  CS1 CS5 Average MIN MAX 
Oil concentration 
(%) 35.7 39.4 39.5 35.7 41.7 
1000-seed weight 
(g) 1.00 0.95 1.00 0.80 1.25 
50% flowering 
(days) 39 43 42.4 35 52 
§ CS1 = low oil concentration parent, ¶CS5 = high oil concentration parent (CS5) 	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Table 3. Segregation classes of the 203 polymorphic and significant markers (of the 535 
SNP markers genotyped) in a Camelina sativa mapping population. 
Segregation class # of SNPs % of total 
1:2:1 72 35% 
1:2:5 41 20% 
5:2:1 58 29% 
5:2:1 or 
monomorphic 21 10% 
all hets or 1:2:1 1 0% 
either 1:2:1 or 1:2:5 3 1% 
either 5:2:1 or 1:2:1 7 3% 
Total 203 100% 
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Table 4. QTL controlling oil concentration (%), 1000-seed weight (g) and 50% flowering 
time (days) in an F2 mapping population of Camelina sativa.  
Trait QTL  Chromosome Interval Map position 
(cM) 
LOD Additive 
effect 
Dominant 
effect 
Var Exp 
(%) 
Oil concentration 
(%) 
        
CS-Oil-1 11 M292 0.1 2.7 -0.39 -0.46 4.3 
  M293 6.2     
CS-Oil-2 14 M406 36.1 2.9 0.68 1.14 3.8 
  M419 60.1     
1000 Seed 
Weight (g) 
        
CS-TSW-1 9 M241 27.4 2.8 -0.05 0.01 19.3 
  M245 46.3     
Days to 50% 
flowering 
        
CS-FLW-1 7 M162 47.2 2.7 0.97 -0.94 25.5 
  M171 53.2     	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CHAPTER 5.  EFFECT OF DEPTH OF SOWING ON THE ESTABLISHMENT, 
SEED YIELD AND OIL COMPOSITION OF WINTER AND SPRING BIOTYPES 
OF PENNYCRESS, Thlaspi arvense L. 
 
Abstract 
Pennycress (Thlaspi arvense L.) is a promising oilseed (36% oil) with potential 
for biofuel and other industrial uses. In its winter-annual form, pennycress may be a 
feasible addition to cropping systems in the Midwestern United States. However, its 
agronomic and biological constraints should be studied to understand and overcome 
practical limitations. The objectives of this study were to determine the effects of planting 
depth on establishment and seed yield of both winter and spring biotypes of pennycress.  
Experiments were conducted in Ames, IA, and Fargo, ND, in a replicated split-plot 
design. Eight pennycress accessions were evaluated at two planting depths, 2.0 ± 0.5 cm 
and surface planting. Results indicated that depth influenced pennycress establishment 
and seed yield; however, the magnitude varied among accessions. The results indicate 
that it may be possible to improve establishment rates with shallow planting. Producers 
need reliable production guidance to optimize planting depth and germplasm that can 
germinate readily if field conditions at planting result in minor deviations from that 
depth.  
Introduction 
Thalspi arvense L., commonly known as pennycress, is an oilseed species in the 
Brassicaceae. Although naturalized throughout the Midwest U.S. as a weed, it has 
potential as a new crop for biofuel and industrial uses (Selling et al. 2013). Pennycress 
seed contains about 36% oil, with a high content of monounsaturated fatty acids 
(primarily erucic acid (C22:1), 38% of the total profile). The range of physical properties 
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of the methyl esters in pennycress oil satisfies biodiesel industry requirements (Isbell et 
al. 2008; Moser et al. 2009). Pennycress oil also has excellent bio-lubricant properties, 
exceeding the characteristics of common commodity oils (Cermak et al. 2013), including  
a low pour-point value (-21˚C), low wear-scar diameter (WSD, 0.594 mm), and a high 
viscosity index (VI, 216-218). Its seed meal has biofumigant properties due to volatile 
compounds, with potential for weed and soil pest control (Vaughn et al. 2005). 
Pennycress has both spring and winter biotypes and has a certain degree of cold 
temperature tolerance (Sharma et al. 2007). Pennycress could be used in cropping 
systems as a winter annual during the off-season in rotation with soybean [Glycine max 
(L.) Merr.] production or as a spring crop (Isbell et al. 2008; Phippen et al. 2010a).  These 
valuable characteristics make pennycress a promising new crop for Midwestern U.S. 
agriculture.  
Although pennycress has strong potential for use in Midwestern biofuel and 
animal feeding industries, practical concerns have limited its adoption as an alternative 
crop by farmers. Little research has been conducted on strategic topics, such as adequate 
germplasm, agronomic practices, and limiting factors that may influence its seed yield, 
oil concentration, and fatty acid composition. 
The evaluation of planting methods is crucial for developing appropriate 
agronomic practices. Studies of pennycress and related, cultivated brassicas have shown 
both negative and positive impacts of various sowing depths and planting methods 
(Thomas et al. 1994; Hanson et al. 2008; Phippen et al. 2010b) on productivity. The 
objective of this study was to determine the effect of sowing depth on stand 
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establishment, seed yield, oil concentration, and fatty acid profile of a selection of 
pennycress accessions and cultivated material of unknown improvement status.  
Materials and Methods 
Planting treatments and experimental design 
Planting depth evaluations were conducted at the USDA-ARS North Central 
Regional Plant Introduction Station (NCRPIS), Iowa State University, Ames, IA, and at 
the North Dakota State University Experiment Station at Prosper, ND. The experimental 
design was a randomized complete block design (RCBD) with a split-plot arrangement 
with three replications. Sowing depth was the main plot (two planting-depth treatments, 
surface and 2 ± 0.5 cm below the soil surface), and accessions/cultivated materials were 
the subplots. Six accessions from the NCRPIS collection and two cultivated material of 
unknown improvement status from North Dakota State University (NDSU) were 
evaluated. The experiment was conducted at two locations and in two seasons: Ames, IA, 
in fall 2010 and spring 2011, and Prosper, ND, in fall 2011. A planned planting in 
Prosper, ND in spring 2011 was abandoned due to excessive rainfall and flooding. 
Planting dates were September 18, 2010 in Prosper, ND and September 29, 2010 in 
Ames, IA, for fall planting, and April 12, 2011 for Ames, IA, and June 10, 2011 for 
Prosper, ND. Seeds were planted in three-row plots with a Hege 1000 (Hege Equipment, 
Inc., Colwich, KS) drill/planter with 18 cm spacing between 4 m long rows. The surface-
planted treatment received one pass with a tractor-drawn roller to improve soil-seed 
contact and lightly cover the seeds with soil. The numbers of established plants (stand) 
were counted in each experimental unit, and seed oil concentration, fatty acid profile, and 
seed yield per plot (manual bulk yield at seed maturity) and per plant were evaluated.  
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Oil concentration  
Seed-oil concentration was determined by pulsed nuclear magnetic resonance 
(pulsed NMR), with a  (Karlsruhe, Germany) Minispec MQ20, with a 0.47 T permanent 
magnet maintained at 40ºC, and provision of hydrogen nuclei with a resonance of 20 
MHz. The instrument was calibrated with pennycress standards of known oil content. 
Seeds in 18 mm test tubes were preheated to 40ºC before analysis. After analysis, 
samples were dried by using the AOCS method Ca 2c-25 (AOCS 1995) to determine 
their moisture content, and oil concentration was then expressed on a dry-weight basis. 
All samples were run in duplicate. 
Fatty acid profile  
Gas chromatography of fatty acid methyl esters was performed with a Hewlett-
Packard 5890 Series II gas chromatograph (Palo Alto, CA) equipped with a flame-
ionization detector and an autosampler/injector. Analyses were conducted on an SP 2380 
30 m × 0.25 mm i.d. column (Supelco, Bellefonte, PA). Saturated C8-C30 fatty acid 
methyl esters were used as standards for calculating equivalent chain-length values, 
which were used to make fatty acid methyl ester assignments. SP 2380 analyses were 
conducted under the following parameters: column flow 1.4 mL min-1 with helium head 
pressure of 20 psi; split ratio 50:1; septum purge of 4 mL min-1; programmed ramp from 
170 to 190ºC at 4ºC min-1 and from 190 to 265ºC at 20ºC min-1; injector and detector 
temperatures set at 250ºC. 
Fatty acid methyl esters were extracted from whole seeds. Five mL potassium 
hydroxide/methanol solution (0.25 M) was added to 40mL vials containing 50 pennycress 
seeds, and seeds were ground for 20 seconds with a Modular Homogenizer System (Cole-
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Parmer Instrument Company, Vernon Hills, IL) fitted with a 10 mm diameter shaft. Each 
vial was sealed with an aluminum-lined cap and placed in a 65ºC heat block for 30 
minutes, then removed and allowed to cool. Methyl esters were extracted with 5 mL 
hexane and washed with 5 mL of aqueous saturated sodium chloride solution.  Vial 
contents were mixed thoroughly and the layers allowed to separate before removing a 
0.25 mL aliquot from the least dense methyl-ester-containing hexane layer. The aliquot 
was diluted by adding it to 2 mL of hexane in a gas chromatogram vial and the sample 
injected (µL) into the gas chromatograph under the conditions described above. All 
samples were run in triplicate. 
Data analysis 
Analyses of variance from both experiments were conducted by using PROC 
GLM of the Statistical Analysis System (SAS Institute Inc. 2009), and means were 
compared by determining least significant difference (LSD) at an alpha level of 0.05. 
Each location-year combination was considered to be an environment and a random 
effect, whereas sowing depth and accessions were considered to be fixed effects.  
Results and discussion 
Plant establishment and yield components 
Plant establishment 
All eight accessions in the Ames 2010 fall planting were established and survived 
the winter; however, only three of the same eight accessions were established in the 
spring 2011 planting. In Prosper, ND, four of the eight 2011 fall-planted accessions were 
established and survived to the following spring. A spring 2011 planting planned for 
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Prosper, ND, had to be abandoned due to excessive precipitation and its effect on field 
conditions (Figure 1). 
When compared to surface planting, sowing at a depth of 2 ± 0.5 cm influenced 
pennycress stand establishment in fall plantings, but not in the spring planting (Figure 2). 
Differences were observed, although not all accessions showed the same pattern of 
response. The range of responses suggests that there are sensitive and non-sensitive 
accessions for planting depth (Figure 2). For example, in the Ames fall planting, 
differences in initial stand counts between treatments and accessions were observed (P ≤ 
0.001) in seven of the eight accessions; but Ames 29118 showed no planting-treatment 
effect. In general, surface planting resulted in higher stand counts; the difference in stand 
establishment between surface and depth ranged from 26 plants•m-2 for less sensitive 
accessions to 212 plants•m-2 for the most sensitive accessions. In Prosper, ND, fall 
seeding results showed the same trend as in Ames, IA: surface planting resulted in higher 
plant stands (between 30 and 120 plants•m-2), except for Ames 28119 (Figure 2). Related 
crucifers such as canola have shown similar responses to planting depth, where increased 
planting depth (3.8-5.0 cm) decreased crop establishment compared to more shallow 
plantings (0.6-1.2 cm; Thomas et al. 1994).  
Two of the three spring-planted (Ames, IA, 2011) accessions had similar plant 
stands regardless of planting depth (about 100 plants•m-2); however, PI 650284 had much 
lower plant stands for both planting depths, similar to the lower stands observed for the 
below-soil planting treatment from the fall 2010 Ames planting. Hanson et al. (2008) 
found that negative effects of sowing depth on plant establishment depended on the 
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evaluation environment, with differences observed in canola for six of eight 
environments evaluated.  
Yield components  
In both fall planted locations (Ames, IA, and Prosper, ND) plant density was 
negatively affected by the deeper planting (2 ± 0.5 cm). However, under low densities 
yield per plant was increased. These results suggest that pennycress has phenotypic 
plasticity and can compensate yield under low densities (Figure 2). Phippen et al. (2010b) 
and Matthies (1990) reported similar results regarding pennycress yield compensation 
under low densities by producing more branches per plant and more siliques per branch. 
In the 2011 spring planting season (Ames, IA), neither plant stand nor seed yield per 
plant were statistically different between sowing depth treatments, only differences 
among accessions were observed.  
Similar results have been found for Brassica napus, where an increase in planting 
depth had a negative effect on plant establishment, but the relationship between planting 
depth and seed yield was inconsistent (Hanson et al. 2008). Phippen et al. (2010b) when 
using a single spring pennycress biotype, found that planting at a 1.0 cm depth led to 
better stand establishment and seed yield compared to broadcast planting, suggesting that 
seeds at the surface were more exposed to and affected by environmental conditions. 
Similar results were obtained for forage Brassicaceae studied in New Zealand (Salmon 
and Dumbleton, 2006). Our surface planting method included one pass with a roller after 
sowing which improved seed-soil contact and decreased direct sunlight and wind 
exposure, creating some protection from desiccation and resulting in less disturbance 
during rains. 
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Oil components  
Planting depth did not affect pennycress seed-oil concentration nor its seed fatty 
acid profile (Table 1). Nevertheless, differences in oil concentrations and fatty acid 
profiles were observed among accessions, between locations (Ames, IA, and Prosper, 
ND), and between planting seasons (spring vs. fall). Among accessions, oleic acid 
(C18:1) ranged from 8.9 to 14.3% of total fatty acids, linolenic acid (C18:2) from 19.4 to 
22.8%, linoleic acid (C18:3) from 10 to 12.7%, eicosenoic acid (C20:1) from 8.4 to 
10.7% and erucic acid (C22:1), the most predominant fatty acid from 32.4 to 37.1%. 
Furthermore, oil concentration ranged from 27.9 to 35.1% of the seeds’ dry weight (Table 
1).   
Planting season (fall-IA and fall-ND vs. spring-IA) seemed to influence fatty acid 
profiles (Table 1). Fall plantings experienced lower mean temperatures during the seed-
filling and oil-synthesis stages than did the spring planting. Higher mean temperatures 
during seed filling associated with the spring plantings may modify relative proportions 
of oleic (C18:1) and erucic (C22:1) acids. C18:1 was lower in seeds from fall plantings 
(10% Ames, IA; 11.4% Prosper, ND), while seeds from the spring planting had higher 
values (13.1%). Conversely, C22:1 was higher under fall plantings (~35.3%) and lower 
under spring planting (32.6%). These results are consistent with those from other oilseeds 
crops, such as sunflower and rapeseed grown under controlled-temperature conditions 
(Flagella et al. 2002; Yaniv et al. 1995), suggesting low temperature during oil synthesis 
in pennycress seeds could positively affect fatty acid elongation (FAE) rather than fatty 
acid desaturation (FAD), thus a higher proportion of C22:1 is elongated from C18:1 
under Fall plantings.     
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Table 2 presents results of the analyses for oil and the main fatty acids on a unit-
area basis. No statistical differences were found between planting treatments. Although 
sowing depth did not influence the final amount of oil produced nor the fatty acid profiles 
per unit area, differences in oil concentrations and fatty acid profiles among accessions 
suggest that genetic variation exists for these key traits. Breeding programs should be 
able to exploit this variation to satisfy various biofuel market requirements. However, it 
is also important to keep in mind that differences observed in these characteristics 
between locations and planting seasons indicate that environmental factors cannot be 
ignored.  
While it may be possible to improve establishment rates by using a shallow 
planting depth, producers need reliable production guidance to optimize planting depths, 
and they need germplasm that will germinate readily even if field conditions at planting 
result in minor deviations from the ideal.  
References 
AOCS. 1995. Official methods and recommended practices of the American Oil 
Chemists Society, 4th Ed. AOCS Press, Champaign, IL. 
 
Cermak, S.C., Biresaw, G., Isbell, T.A., Evangelista, R.L., Vaughn, S.F., Murray, R., 
2013. New crop oils - Properties as potential lubricants. Ind. Crops Prod. 44:232-
239.  
 
Flagela, Z., Rotunno, E., Tarantino, E., Di Caterina, R., de Caro, A. 2002. Changes in 
seed yield and oil fatty acid composition of high oleic sunflower (Helianthus 
annuus L.) hybrids in relation to the sowing date and the water regime. European J. 
of Agron. 17:221-230. 
 
Hanson, B.K., Johnson, B.L., Henson, R.A., Riverland, N.R. 2008. Seeding rate, seeding 
depth, and cultivar influence on spring canola performance in the northern Great 
Plains. Agron. J. 100:1339-1346. 
 
 
 
	   102	  
Isbell, T.A., Gass, M.M., Evangelista, R.L., Vaughn, S.F. 2008. Pennycress (Thlaspi 
arvense L.) as a biodiesel in a one year-two crop rotation with soybean. In: Isbell, 
T. and Dierig, D. eds. New crops and bioproduct development. Association for the 
Advancement of Industrial Crops Annual Meeting, 7-11 Sept., College Station, 
TX. p. 25. 
 
Matthies, D. 1990. Plasticity of reproductive at different stages components of 
development in the annual plant Thlaspi arvense L . Oecologia. 83:105-116. 
 
Moser, B.R., Knothe, G., Vaughn, S.F., Isbell. T.A. 2009. Production and evaluation of 
biodiesel from field pennycress oil (Thlaspi arvense L.). Energy Fuels. 23:4149-
4155.  
 
Phippen, W.B., Billee, J., Phippen, M.E., Isbell, T.A. 2010a. Planting date, herbicide, and 
soybean rotation studies with field pennycress (Thlaspi arvense L.). In: Isbell, T. 
and Dierig, D. eds. New crops - exploring diversity, preserving our future. 
Association for the Advancement of Industrial Crops Annual Meeting, 18-22 Sept., 
Ft. Collins, CO. p. 37. 
 
Phippen, W.B., Gallant, J., Phippen, M.E. 2010b. Evaluation of planting method and 
seeding rates with field pennycress (Thlaspi arvense L.). In: Isbell, T. and Dierig, 
D. eds. New crops - exploring diversity, preserving our future. Association for the 
Advancement of Industrial Crops Annual Meeting, 18-22 Sept., Ft. Collins, CO. p. 
38. 
 
Salmon, R.W., Dumbleton, A.J. 2006. The effect of seed treatment and depth of sowing 
on forage brassica crop establishment in no-tillage situations. Proc. New Zealand 
Grassland Assn. 68:211-214. 
 
SAS Institute Inc. 2009. SAS/STAT 9.3 User’s Guide.  Release 9.02 ed. SAS Institute, 
Cary, NC. 
 
Selling, G.W., Hojilla-Evangelista, M.P., Evangelista, R.L., Isbell, T., Price, N., Doll, 
K.M. 2013. Extraction of proteins from pennycress seeds and press cake. Industrial 
Crops and Products. 41:38113–38119. 
 
Sharma, N.C., Huebert, T., Zhou, N., Parkin, I. 2007. Exploring the wild crucifer Thalspi 
arvense L. to identify conserved and novel genes expressed during a plant’s 
response to cold stress. Plant Mol. Biol. 63:171-184. 
 
Thomas, D.L., Raymer, P.L, Breve, M.A. 1994. Seeding depth and packing wheel 
pressure effects on oilseed rape emergence. J. Prod. Agr. 7:94-97. 
 
Vaughn, S.F., Isbell, T.A., Weisleder, D., Berhow, M.A. 2005. Biofumigant compounds 
released by field pennycress (Thlaspi arvense) seedmeal. J. Chem. Ecol. 31:167-
177. 
	   103	  
 
Yaniv, Z., Schafferman, D., Zur, M. 1995. The effect of temperature on oil quality and 
yield parameters of high-and low-erucic acid Cruciferae seeds (rape and mustard). 
Ind. Crops Prod. 3:247-251. 
 
 
 
 
 
 
 
 
 
 
 
 
	   104	  
 
Figure 1. Monthly rainfall and mean daily maximum and minimum temperatures (on a 
monthly basis) at Ames, IA and Prosper, ND in 2010 and 2011. 
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CHAPTER 6.  GENERAL CONCLUSIONS 
	  
The research described in this dissertation about two promising new biofuel crops 
can be divided into two sections: the first section covers agronomic and genetic work in 
Camelina sativa and the second describes agronomic research in Thlaspi arvense. My 
research with C. sativa has three main objectives, the first to assess performance of 
camelina germplasm and identify promising accessions suitable for different market 
niches and/or production environments, as well as to identify the effect of genotype-by-
environment interactions on yield and quality traits (chapter 2). To address the first 
objective, camelina accessions from different geographic sources were evaluated for seed 
and oil-composition traits, revealing useful genetic variation. Because most of the 
accessions evaluated are not elite materials, yield components showed considerable 
variation and low stability across environments. Additionally, this evaluation allowed the 
identification of accessions suited for specific conditions, and highlighted the need for 
breeding efforts to be directed toward increasing seed yield and oil per unit area.  
Environmental conditions can clearly influence both fatty acid profiles and the 
amount of seed oil produced; our results support past research findings in other oilseeds 
that fatty acid desaturation is highly affected by air temperature and other environmental 
factors. However, specific experiments under controlled environments should be 
conducted to confirm the effects of various temperature regimens on desaturation and 
their interactions with developmental stages and common stressors, such as drought or 
nutrient deficiencies. Furthermore, despite the environmental effect on seed and oil traits, 
GxE was low, and most of the variation was attributed to accession, leading to high 
repeatability of these traits across environments. 
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I demonstrated that camelina can be planted twice in the same season, both in 
early spring (early to mid-April) and in mid-summer (mid-July), with similar 
productivities; however, further experiments to evaluate population density and 
management techniques should be conducted. I also found that camelina exhibits high 
plasticity in production capacity through its ability to compensate yield per unit area 
when plant stands were low, either by producing more branches per plant or more seeds 
per silique. Finally, the genetic variation identified in the NCRPIS (Ames, IA) collection 
may support breeding efforts to meet basic requirements for biodiesel feedstock (high 
MUFA/PUFA ratio), animal feed (low erucic acid and low glucosinolates in meal) and 
nutraceutical uses (high Omega-3 fatty acids). 
The second objective of this project was to assess the genetic and phenotypic 
diversity of camelina by using molecular and biochemical markers, in order to better 
understand relationships within and among accessions and any implications for potential 
breeding use or germplasm conservation (chapter 3). To address this objective, I used the 
same accessions evaluated in chapter 2. Multi-locus SSR marker data supported recent 
reports of polyploidy in C. sativa and its close relatives C. alyssum and C. microcarpa. 
(Hutcheon et al. 2010). One important result from the genetic diversity study was that the 
camelina accessions evaluated are highly related, determined by our calculation of the 
close genetic distances base on the results of the Bruvo distances that range between 0 
and 0.35 (0 indicates that individuals are identical and 1 reflects total divergence).   
However, although the accessions are related, it was possible to identify clusters 
that grouped these accessions mostly by their geographic source, revealing spatial 
structure in their patterns of diversity. The SSR data also seem to support the Russian-
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Ukrainian region as the center of origin for C. sativa, due to the relatively high degree of 
allelic and genetic diversity found in most accessions from this region. It was also 
possible to identify useful clusters that grouped accessions by the degree of fatty acid 
desaturation and by seed characteristics, such as seed size and oil concentration. The 
degree of genetic and phenotypic variation for fatty acid composition and oil content 
should facilitate the selection of both promising and unrelated accessions for future 
intermating and enhancement. These results can also serve as a tool to aid in genebank 
management and provide insights on how collection quality could be improved by the 
targeted acquisition of new accessions and whether selection of divergent accessions for 
breeding programs is appropriate. 
The last objective of the C. sativa research was focused on identifying QTL 
associated with relevant traits, such as oil concentration, seed size and flowering time 
(chapter 4). It was possible to identify QTL associated with oil concentration, 1000-seed 
weight and days to 50% flowering.   
QTL for oil concentration, 1000-seed weight and days to 50% flowering have 
been previously reported (Gehringer 2009; Enjalbert 2011) on the same linkage groups 
within similar chromosomal regions; thus, it is probable that the QTL identified herein 
are associated with genes that more generally control these traits of interest. The results 
of the QTL mapping allowed the identification of promising lines with potential for 
further breeding.  
The second section in this dissertation is dedicated to assessing the effect of 
planting depth on the agronomic performance of pennycress, T. arvense (chapter 5). The 
results indicated that planting depth influenced pennycress stand establishment and seed 
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yield, but did not influence the final amount of oil produced or the oil quality (fatty acid 
profile) per unit area. Differences in oil concentration and quality among accessions 
suggest that genetic variation exists among pennycress accessions. In addition, it may be 
possible to improve establishment rates by using a shallow planting depth. Producers 
need both reliable guidance for optimizing planting depth, and germplasm that can 
germinate readily if field conditions at planting result in minor deviations from optimal 
depths. 
Current low yields (~1 to 2 ton/ha, for camelina and ~ 0.5 to 1.5 for pennycress) 
compared with other cultivated oilseeds should be overcome through breeding efforts.  
However, beyond this research and their potential uses for biofuels and animal feeding 
(just camelina) both crops seems to have potential possibilities to be exploited. Due to the 
fact that camelina is highly related to A. thaliana (Hutcheon 2010) and is easily 
genetically transformable by Agrobacterium techniques, gene homology study could 
focus on protein and fatty acid modifications towards industrial (bio-materials) and 
nutraceutical compounds with high add value.   
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! stable$ (Budin$ et$ al.,$ 1995;$ Abramovic$ et$ al.,$ 2007;$ Dubois$ et$ al.,$2007).$ Defatted$ camelina$ seed$meal$ contains$ signiﬁcant$ levels$ of$proteins$ and$ carbohydrates$ as$well$ as$ a$ number$ of$ phytochemiF$cals$including$glucosinolates,$which$could$be$utilized$for$additional$food,$feed,$and$agricultural$uses$(Gugel$and$Falk,$2006;$Zubr,$2010).$If$ the$meal$ can$ be$ used$ as$ quality$ feed$ and/or$ food$ ingredients,$this$will$ signiﬁcantly$ increase$ the$market$value$of$ the$ seed$meal.$Camelina$ seed$meal$ contains$5–10%$residual$ fat$ (which$ contains$fairly$ high$ levels$ of$ omega$ 3$ fatty$ $ acids),$ $ highFquality$ $ protein,$and$ some$ potentially$ functional$ phytochemicals,$ which$ can$ be$exploited$to$develop$new$feed$and$food$uses.$Glucosinolates$occur$ as$ secondary$metabolites$of$many$plants$of$ the$ order$ Brassicales,$ especially$ in$ the$ family$ Brassicaceae,$ as$well$ as$ in$$members$ of$ the$$Capparidaceae$ and$$Caricaceae$ famiF$lies$ (Fenwick$ et$ al.,$ 1983;$Daxenbichler$ et$ al.,$ 1991;$ Fahey$ et$ al.,$2001;$ Clarke,$ 2010).$ Plants$ use$ chemicals$ derived$ from$ glucosiF$nolates$ as$ natural$ pesticides$ and$ as$ defense$ against$ herbivores;$these$substances$are$also$responsible$for$the$bitter$or$sharp$taste$of$many$cruciferous$vegetables$(Fahey$et$al.,$2003;$Clarke,$2010).$About$ 120$ different$ glucosinolates$ are$ known$ to$ occur$ naturally$in$plants$(Fahey$et$al.,$2003;$Clarke,$2010).$The$plants$contain$the$enzyme$myrosinase,$which$in$the$presence$of$water$cleaves$off$the$glucose$group.$The$remaining$molecule$then$quickly$converts$to$a$thiocyanate,$an$isothiocyanate$or$a$nitrile;$these$are$the$active$subF$stances$that$serve$as$defensive$compounds$for$the$plant$(Spencer$and$Daxenbichler,$ 1980;$ Vaughn$ and$ Berhow,$ 2005).$ To$ prevent$damage$ to$ the$plant$ itself,$ the$myrosinase$and$glucosinolates$are$stored$ in$ separate$ compartments$ of$ the$ cell$ and$ come$ together$only$under$conditions$of$stress$or$injury.$Several$degradation$prodF$ucts$ of$ hydroxylFsubstituted$ glucosinolates$ have$ been$ shown$ to$be$ goitergenic$ in$ both$ man$ and$ animals$ (Hoist$ and$ Williamson,$2004;$Anilakumar$et$al.,$2006).$In$contrast,$at$subtoxic$doses,$their$hydrolytic$ and$metabolic$products$ act$ as$ chemoprotective$agents$against$chemically$induced$carcinogens$by$blocking$the$initiation$of$tumors$in$a$variety$of$mammalian$tissues.$They$exhibit$their$effect$by$ inducing$ Phase$ I$ and$ Phase$ II$ enzymes,$ by$ inhibiting$ enzyme$activation,$modifying$steroid$hormone$metabolism,$and$protecting$against$oxidative$damages$(Shapiro$et$al.,$2001;$Talalay$and$Fahey,$2001;$Fahey$et$al.,$2003).$
C.$ sativa$ accumulates$ signiﬁcant$ $ levels$ $ of$ $ three$glucosinolates$ in$ its$ seeds$ (Fig.$ 1):$ glucoarabin$ (9F$(methylsulﬁnyl)nonylglucosinolate$ –$ GS9),$ glucocamelinin$ (10F(methylsulﬁnyl)decylglucosinolate$ –$ GS10),$ and$ 11F$(methylsulﬁnyl)undecylglucosinolate$ (GS11)$ $ (Daxenbichler$ $ et$al.,$ 1991;$ Lange$ et$ al.,$ 1995;$ Schuster$ and$Friedt,$ 1998;$ Fahey$ et$al.,$2001;$Vaughn$and$Berhow,$2005).$The$levels$of$glucosinolates$accumulated$in$seeds$are$affected$by$genotype$and$environmental$conditions$ (Farnham$ et$ al.,$ 2005).$ Camelina$ glucosinolates$ may$potentially$be$antiFcancer$nutriceuticals$in$both$animal$and$human$diets.$The$structure$of$the$camelina$glucosinolates,$containing$terF$minal$ methylsulﬁnyl$ groups$ with$ varyingFlength$ aliphatic$ chains$connecting$ to$$the$$glucosinolate$$functional$$group,$$are$$similar$$to$that$ of$ glucoraphanin$ (4F(methylsulﬁnyl)butylglucosinolate),$ the$difference$being$only$the$ length$of$ the$aliphatic$connecting$chain.$In$theory,$the$degradation$products$of$GS9,$GS10,$and$GS11$should$behave$in$a$similar$fashion$to$that$of$sulforaphane,$the$degradation$product$ of$ glucoraphanin,$ which$ is$ an$ anticancer$ compound$produced$in$broccoli$and$other$crucifer$vegetables$(Shapiro$et$al.,$2001;$Talalay$and$Fahey,$2001;$Fahey$et$al.,$2003).$In$ order$ to$ prove$ this$ theory,$ quantities$ of$ puriﬁed$ camelina$need$ to$ be$ produced.$ Preparative$ chromatography$ and$ counterF$current$ chromatography$ have$ been$ used$ to$ purify$ a$ variety$ of$glucosinolates$ from$ plant$ extracts$ on$ a$ prep$ scale$ including$ gluF$coraphanin$from$broccoli$and$sinalbin$from$white$mustard$(Fahey$et$al.,$2003;$Toribio$et$al.,$2009).$These$methods$make$it$possible$to$purify$larger$quantities$of$glucosinolates$for$biological$studies.$The$
 
!
!
Fig.%% 1.% Basic$$ structure$$ of$$ the$$ glucosinolates$$ found$$ in$$Camelina$$ sativa.$$GS9$–$ glucoarabin$ (9F(methylsulﬁnyl)nonylFglucosinolate),$ n$ =$ 9;$ GS10$ –$ glucoF$camelinin$ (10F(methylsulﬁnyl)decylFglucosinolate),$ n$ =$ 10;$ and$ GS11$ –$ 11F$(methylsulﬁnyl)undecylFglucosinolate,$n$=$11.$
!
!
! biological$effects$of$the$degradation$products$–$the$isothiocyanate,$thiocyanate$ and$ nitrile$ forms$ –$ from$ the$ camelina$ glucosinolates$in$diets$and$in$agriculture$has$not$been$assessed.$In$this$report$we$have$developed$methodology$ to$ separate$and$purify$ the$camelina$glucosinolates$in$mg$quantities$and$developed$a$robust$method$to$analyze$glucosinolates$in$camelina$seeds,$meal,$and$sprouts.$
!
!
1. Materials%and%methods$
!
1.1. Reagents$and$chemicals$
! Sinigrin$was$purchased$from$Sigma–Aldrich$Chemical$Company$(St.$Louis,$MO).$All$other$chemicals$and$solvents$were$of$analytical$grade.$
!
!
1.2. Camelina$cultivars$and$sprouting$studies$
! Camelina$accessions$were$planted$in$individual$cages$and$grown$and$harvested$for$seed$bank$increase$in$2009$at$NCRPIS$ﬁeld$plots.$One$to$two$gram$seed$samples$of$each$of$30$cultivars$were$used$for$comparative$glucosinolate$analysis.$2$g$of$camelina$seeds$were$placed$in$a$series$of$10$cm$diameter$glass$Petri$plates$on$top$of$ three$sheets$of$ﬁlter$paper.$The$plates$were$ wetted$ with$ distilled$ water,$ covered$ with$ a$ glass$ top,$ and$placed$ in$a$BioChambers$plant$growth$chamber$ (Winnipeg,$ManF$itoba)$set$at$24$◦C$during$the$day$cycle$and$20$◦C$during$the$night$cycle,$with$a$light$dark$cycle$of$16$h$of$light$(300$µE$PPF$PAR)$and$8$h$of$dark.$One$set$of$plates$was$removed$each$day$for$the$sevenFday$sprouting$ period.$ The$ remaining$ plates$ were$ wetted$ with$ addiF$tional$water$every$24$h.$The$sprouts$were$removed$from$the$ﬁlter$paper;$ placed$ in$ tared$ jar;$ weighed;$ freeze$ dried;$ then$ weighed$again$to$determine$an$approximate$weight/dry$weight$ratio.$
!
!
1.3. Analytical$sample$preparation$and$extraction$
! Seeds$ were$ ground$ to$ a$ ﬁne$ powder$ with$ a$ commercial$ cofF$fee$ grinder.$Weighed$ samples$were$placed$ in$ﬁlter$ paper$packets$and$ defatted$ overnight$ in$ a$ Soxhlet$ extractor$ with$ hexane.$ After$drying$ in$ the$ hood,$ the$ percent$ hexane$ extractables$ were$ deterF$mined$by$the$difference$ in$weight.$For$sprouting$studies,$sprouts$
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! were!weighed,! then! freeze0dried!overnight! and! reweighed.!Dried!samples!were!ground!to!a!ﬁne!powder!with!a!mortar!and!pestle.!For!HPLC!analysis,!typically!between!0.25!and!0.5!g!of!defatted!seedmeal!and!freeze0dried!sprout!powders!were!placed!in!a!capped!vial!with!between!2!and!5!mL!of!methanol.!The!vials!were!sonicated!for!15!min,!and!allowed!to!stand!overnight.!After!another!brief!soni0!cation,!a!portion!of!this!extract!was!ﬁltered!through!a!0.45!µm!ﬁlter!into!an!auto!sampler!vial.!
!
1.1. Apparatus$and$chromatographic$conditions!
! For! glucosinolate! quantitation,! a! modiﬁcation! of! a! high0!performance!liquid!chromatography!(HPLC)!method!developed!by!Betz! and! Fox! (1994)! was! used.! The! extract! was! run! on! a! Shi0!madzu! (Columbia,! MD)! HPLC! System! (two! LC! 20AD! pumps;! SIL!20A!autoinjector;!DGU!20As!degasser;! SPD020A!UV–VIS!detector;!and! a! CBM020A! communication! BUS!module)! running! under! the!Shimadzu!EZStart!Version!7.3! software.!The! column!used!was!an!Inertsil!reverse!phase!column!(250!mm!× 4.6!mm;!RP!C018,!ODS03,!5!µm;! Varian,! Torrance,! CA).! The! initial! mobile! phase! conditions!were! 40%!methanol! 60%! aqueous! 0.005!M! tetrabutylammonium!bisulfate!(TBS)!at!a!ﬂow!rate!of!1!mL/min.!After!injection!of!20!µl!of! sample,! the! initial! conditions! were! held! for! 10!min,! and! then!up!to!100%!methanol!over!an!additional!15!min!and!held!at!100%!methanol!for!5!more!minutes.!The!glucosinolates!were!detected!by!monitoring!at!237!nm.!To!conﬁrm!the!identity!of!the!glucosinolates!found!in!the!seed!extracts,!aliquots!were!injected!on!a!Q0TOF!LC–MS.!Samples!were!run!on!an!Applied!Biosystems/MDS!Sciex!QStar!Elite!Q0TOF!mass!spectrometer! with! a! Turboionspray! electrospray! source,! and! an!Agilent!1100!series!HPLC!system!(G1379A!degasser,!G1357A!binary!capillary! pump.! G1389A! autosampler,! G1315B! photodiode! array!detector,! and! a! G1316A! column! oven)! all! running! under! Applied!Biosystems!Analyst!2.0!(build!1446)!LC–MS!software.!The!MS!was!calibrated!at! least!once!daily!with!a! standard! calibration!mixture!recommended!by!Applied!Biosystems!and!the!signal!detection!was!optimized!as!needed.!The!data!was! acquired! in! the!negative!TOF!MS! mode.! The! MS! parameters! were! as! follows:! cycle! time! 1! s.,!accumulation!time!–!1!s,!mass!range!400–1000!Da,!source!gas!1–45!units,! source!gas!2–25!units,! curtain! gas025!units,! ion! spray!volt0!age!−4200,!source!heater!400!degrees,!declustering!potential!−60,!focusing! potential! 0265,! declustering! potential! 2–15,! ion! release!delay!6,!ion!release!width!5.!The!column!used!was!an!Inertsil!ODS03! reverse! phase! C018! column! (3! µm,! 150! mm!× 3! mm,! from!Varian).!The!initial!HPLC!conditions!were!40%!methanol!and!60%!0.25%! acetic! acid! in! water,! at! a! ﬂow! rate! of! 0.25!mL/min,! then!the!column!was!developed!to!75%!methanol!over!20!min,!then!to!100%!methanol!in!another!5!min.!The!efﬂuent!was!also!monitored!at! 237!nm! on! the! PDA.! Three! glucosinolate! peaks!were! detected!which!had!mass!ions!of!m/z$507,!521,!and!535,!corresponding!to!the![M−H]− mass!ions!for!GS9,!GS10,!and!GS11,!respectively.!1H!!and!!13C!!NMR!!spectroscopy!!was!!performed!!on!!a!!Bruker!Avamce!500!spectrometer!(Bruker!BioSpin,!Billerica,!MA,!USA).!
!
1.2. Glucosinolate$$standards!
! A!fresh!sinigrin!standard!(Sigma,!St.!Louis,!MO)!was!prepared!in!water!on!a!molar!concentration!basis,!and!a!series!of!dilutions!were!prepared! to!make! a! standard! curve.! Standard! solutions! of! semi0!puriﬁed!GS9,!GS10,!and!GS11!were!prepared!by!chromatographic!isolation!in!the!laboratory.!Concentrations!in!these!standards!were!determined!by!sinigrin!calibration!curve!on!an!nM/mAbs!basis.!Con0!centrations!of!GS9,!GS!10,!and!GS!11!in!the!samples!were!calculated!from! a! standard! curve! of! freshly! prepared! pure! sinigrin! (Sigma)!as! nmol!!injected,! the! concentration! in! the! samples! were!!deter0!mined!and!the!ﬁnal!values!calculated!as!mg/g!dry!weight.!The!%!
! hexane! extractables! for! each! seed! set!was! used! to! determine! the!concentration!in!the!whole!fat!seeds.!
!
1.2.1. Preparative$ chromatographic$ puriﬁcation$ of$ glucosinolates!For! glucosinolate!puriﬁcation! approximately!500!g! of! defatted!seed! meal! was! used.! The! meal! was! extracted! with! methanol! in!Soxhlet!extractors! for!24!h.!The!resulting!methanol!extracts!were!concentrated!by!rotoevaporation!and!resuspended!in!a!mixture!of!methanol!and!water.!A! Büchi! (Newcastle,! DE)! Sepacore! ﬂash! chromatography! sys0!tem!with!dual!C0605!pump!modules,!C0615!pump!manager,!C0660!fraction! collector,! C0635! UV! photometer,! with! SepacoreRecord!chromatography!software!was!used,!a!40!mm!× 150!mm!ﬂash!col0!umn!with!approximately!90!g!of!preparative!C18!reverse!phase!bulk!packing!material!(125!A˚!,!55–105!µm,!Waters!Corp,!Milford,!MA).!The!column!was!equilibrated!with!20%!methanol!and!0.5%!acetic!acid!in!water!for!5!min!at!a!ﬂow!rate!of!30!mL/min.!After!injection!of! the!samples! (20!mL),! the!column!was!developed!with!a!binary!gradient! to! 100%!methanol! over! 50!min.! The! efﬂuent!was!moni0!tored!at!237!nm!and!fractions!based!on!absorbance!were!collected!in!the!fraction!collector!by!the!software!program.!Three!broad!over0!lapping! peaks!were! eluted! from! the! column.! The! procedure!was!repeated!until! all! the!extract!was!used.!Fractions!containing!each!of! the! three! absorbance! peaks!were! pooled! and! concentrated! by!evaporation! in! the! hood! at! room! temperature.! As! the! methanol!evaporated!greenish0yellow!crystals!of!the!ﬂavonoid!rutin!formed!which!were!removed!by!ﬁltration!during!the!drying!process.!Dried!fractions! were! resupended! in! water! for! preparative! HPLC! chro0!matography.!A!Shimadzu!(Columbia,!MD)!preparative!HPLC!system!was!used!with!dual!8!A!pumps,!SIL!10vp!autoinjector,!SPD!M10Avp!photodi0!ode!array!detector,!FRC010A!fraction!collector,!SCL!10Avp!system!controller! all! operating! under! the! Shimadzu! Class! VP! operating!system.! 10! mL! sample! aliquots! in! methanol! were! injected! on! a!Phenomenex!(Torrance,!CA)!Luna!C18(2)!semi0preparative!reverse0!phase! column! (10!µm,! 100!A˚!,! 250!cm!× 50!cm).! The! column! was!pre0equilibrated! with! 10%! methanol! and! 90%! water! with! 0.5%!ammonium! formate! (pH! 5)! at! a! ﬂow! rate! of! 50!mL/min! and! the!efﬂuent!was!monitored!at!237!nm.!The!column!was!developed! to!100%!methanol!over!50!min.!Fractions!were!collected!based!on!time!intervals!and!pooled!based!on!peak!separation.!The!procedure!was!repeated!to!obtain!sufﬁcient!quantity!of!puriﬁed!material.!Fractions!were!allowed! to!evaporate! to! remove!methanol,! and! then! freeze0!dried! to! recover! the! puriﬁed! glucosinolates.! The! resulting! yields!were!150!mg!of!GS9,!550!mg!of!GS10,!and!approximately!2!mg!of!GS11.!Alternatively,! ﬂash! chromatography! fractions! containing! glu0!cosinolates,! were! pooled! and! 200–400! mL! aliquots! loaded! on!disposable! Waters! (Milford,! MA)! 35! cc! (10! g)! Accell! Plus! QMA!strong! anion! exchange! columns,! which! were! pre0equilibrated!with! 100! mL! of! imidazole–formate! buffer! pH! 4.15.! The! loaded!columns! were! washed! with! 100! mL! of! water,! then! 100! mL! of!water:isopropanol:formic!acid!solution!(8:2:0.5),!and!100!mL!water!to!!remove!!contaminates.!!The!!columns!!were!!eluted!!with!!80!mL!0.5!M!potassium!sulfate! containing!5%! isopropanol! in!water.!The!process!was!repeated!until!all!ﬂash!fractions!were!passed!through.!The!pooled!materials!was!ﬂushed!with!nitrogen!to!remove!the!iso0!propanol,! then! lyophilized! to! remove! the!water.!The! residue!was!dissolved!in!methanol!with!sonication,!and!ﬁltered!through!What0!man!no.!2!ﬁlter!paper!to!remove!the!potassium!sulfate,!then!dried!under!nitrogen,!and!resuspended!in!water!for!lyophillization.!
!
1.2.2. Preparative$ counterJcurrent$ chromatographic$ puriﬁcation$
of$glucosinolates!For!a! second!glucosinolate! !puriﬁcation! ! approximately! !250!g!of!!defatted!!seedmeal!!was!!used.!!The!!meal!!was!!extracted!!with!
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! methanol# in# Soxhlet# extractors# for# 24#h.# The# resulting# methanol#extracts#were#concentrated#by#rotoevaporation#to#yield#around#25#g#of#crude#extract.#Separation#of#glucosinolates#from#camelina#was#done#according#to#the#modiﬁed#method#described#by#Toribio#et#al.#(2009).#The#defatD#ted#camelina#seedcake#methanol#extract#was#puriﬁed#using#a#Fast#Centrifugal#Partition#Chromatograph#(FCPC#Kromaton®)#apparatus#ﬁtted#with#a#preparative#1#L#rotor.#The#twoDphase#solvent#system#for#CPC#consisting#of#ethyl#acetate,#nDbutanol#and#water#(3:2:5,#v/v)#was#prepared#by#mixing#solvents#in#a#separatory#funnel,#and#after#thorough# equilibration# of# the# solvents,# the# two# resulting# phases#were#separated.#Aliquat®#336#was#added#to#the#organic#phase#to#the#ﬁnal#concentration#of#40#mM.#This#freshly#prepared#organic#phase#was#pumped#into#rotor#to#become#a#stationary#phase,#using#Waters#highDpressure#pump#(model#590).#During#this#phase#the#rotor#was#span#at#200#rpm.#The#sample#solution#was#prepared#by#dissolving#16#g#of#camelina#extract#in#70#mL#of#a#mixture#of#the#upper#(organic#without#Aliquat®#336)#and# lower#phases#(60:10,#v/v)#and#ﬁltered#immediately# before# injection.# Sample# injection#was# done# using# a#Dynamax#SDD200#pump#with#a#25#mL#pump#head.#After# injection#the#rotation#speed#was#adjusted#to#900#rpm#and#the#aqueous#phase#(mobile# phase)# was# pumped# in# using# “descending# mode”# valve#position#at#the#ﬂow#rate#9#mL/min#(approx.#2L).#Then#aqueous#phase#(mobile#phase)#containing#40#mM#of#potassium#iodide#was#pumped#through#at#the#same#ﬂow#rate.#During#the#CPC#run#25#mL#fractions#were#collected#and#analyzed#by#TLC#and#HPLC#chromatography#in#order#to#monitor#their#composition#and#purity.#TLC# was# performed# on# silica# gel# 60# F254# plates# (Merck),#developed# at# room# temperature#with# nDbutanol:acetic# acid:water#(60:15:25,#v/v/v)#and#compounds#were#visualized#with#universal#spray# reagent# (Cr+3/Mo+6/H2SO4)# after# heating.#HPLC# chromatoD#graphic# separations# were# achieved# using# a# Hewlett# Packard# HP#Series# 1050# system# equipped# with# an# autosampler# and# a# HP#1050#Photodiode#Array#Detector.#The#column#YMC#ODSDAQ#(5#µm,#250#mm#× 4.6#mm#i.d.)#was#used#for#the#analysis#of#glucosinolates.#A#10#mM#Aliquat®# 336#in#acetonitrile/water#50:50#(v/v)#was#used#as#a#mobile#phase#(isocratic#mode).#Peaks#were#monitored#at#205#and#235#nm,#at#a#ﬂow#rate#of#0.8#mL/min.#HP#Chemstation#was#used#to#control#the#operation#and#to#perform#data#analysis.#
!
1.1. Characterization$of$puriﬁed$camelina$glucosinolates#
!
!
9"(Methylsulﬁnyl)"nonylglucosinolate4 (Glucoarabin,4 GS9).4Brown# amorphous# powder.# HRESIMS:# m/z$ 506.11937# [M−H]− (calcd.# for#C17H32NO10S3,#506.11884).# 1H#NMR#(500#MHz,#MeOHD#
d4)#ı:#4.83#(1H,#m,#HD11),#3.85#(1H,#d,#J$=#12.1#Hz,#HD61a),#3.66#(1H,#dd,#
J$=#12.1,#5.3#Hz,#HD61b),#3.41#(1H,#t,#J$=#8.7#Hz,#HD31),#3.34#(2H,#m,#HD41,#51),#3.27#(1H,#dd,# J$=#9.7,#8.7#Hz,#HD21),#2.84#(1H,#m,#HD9a),#2.79#(1H,#m,#HD9b),#2.70#(2H,#t,#J$=#7.4#Hz,#HD1),#2.64#(3H,#s,#HD10),#1.76#(4H,#m,#HD2,#8),#1.56–1.34#(10H,#m,#HD3,#4,#5,#6,#7).#13C#NMR#(500#MHz,#MeOHDd4)#ı:#160.8#(CD0),#82.4#(CD11),#81.0#(CD51),#78.2#(CD31),#72.8#(CD21),# 69.7# (CD41),# 61.2# (CD61),# 53.5# (CD9),# 36.7# (CD10),# 32.2# (CD1),#28.9–28.3#(CD3,#4,#5,#6,#7),#27.2#(CD2),#22.2#(CD8).#Acetone#standard#addition#NMR#analysis#for#purity:#7.0#mg#of#GS9#dissolved#in#600#µL#MeOHDd4##with# 1.9#µL# (12.8#µM)# of# acetone,# resulted# in# ratios# of#2.76#µmol#of#acetone#per#µmol#of#GS9,#9.62#µmol#of#water#per#µmol#of#GS9,#and#3.49#µmol#of#water#per#µmol#of#acetone,#yielding#a#solid#salt#composition#of#C17H32NO10S3#K#× 9H2O#of#95%#purity.#
10"(Methylsulﬁnyl)"decylglucosinolate444444 (Glucocamelinin,#
GS10).4 Brown# amorphous# powder.# HRESIMS:# m/z$ 520.13526#[M−H]− (calcd.#for#C18H34NO10S3,#520.13449).#1H#NMR#(500#MHz,#MeOHDd4)# ı:# 4.82# (1H,# d,# J$=#9.8#Hz,# HD11),# 3.85# (1H,# dd,# J$=#12.7,#1.6#Hz,#HD61a),#3.65#(1H,#dd,#J$=#12.1,#5.4,#HD61b),#3.40#(1H,#m,#HD21),#3.33# (2H,#m,#HD41,# 51),# 3.26# (1H,#dd,# J$=#9.8,# 8.8,#HD21),# 2.84# (1H,#m,#HD10a),# 2.79# (1H,# m,# HD10b),# 2.69# (2H,# t,# J$=#7.6,# HD1),# 2.64# (3H,#s,#HD11),# 1.76# (4H,#m,#HD2,# 9),# 1.56–1.32# (12H,#m,#HD3,# 4,# 5,# 6,# 7,#
8).#13C#NMR#(500#MHz,#MeOHDd4)#ı:#160.5#(CD0),#82.4#(CD11),#81.0#(CD51),#78.2#(CD31),#72.8#(CD21),#69.7#(CD41),#61.3#(CD61),#53.5#(CD10),#36.7# (CD11),# 32.3# (CD1),# 29.0–28.3# (CD3,# 4,# 5,# 6,# 7,# 8),# 27.2# (CD2),#22.2##(CD9).##Acetone##standard##addition##NMR##analysis##for##purity:#4.8#mg#of#GS10#dissolved# in#600#µL#MeOHDd4#with#1.3#µL# (17#µM)#of# acetone,# resulted# in# ratios#of#2.36#µmol#of# acetone#per#µmol#of#GS10,# 4.626#µmol##of##water##per##µmol##of##GS10,##and##1.96#µmol##of#water# per# #µmol# of# acetone,# yielding# a# solid# salt# #composition# of#C18H34NO10S3#K#× 4H2O#of#96%#purity.#
11"(Methylsulﬁnyl)"undecylglucosinolate4 (GS11).4 Brown#amorphous#powder.#HRESIMS:#m/z$534.15055#[M−H]− (calcd.#for#C19H36NO10S3,#534.15014).#
!
!
1.2. Method$validation#
! Standard#solutions#of#GS9#and#GS10#were#prepared#and#diluted#to# the# appropriate# concentration.# A# range# # of# # concentrations# # of#the# two# glucosinolates# and# sinigrin# were# analyzed# by# four# repliD#cate#injections.#The#molar#extinction#coefﬁcient#for#GS9,#GS10#and#sinigrin#were#determined#to#be#3.5528#× 10−6,#3.5457#× 10−6,#and#3.3493#× 10−6,#respectively.#The#limits#of#detection#under#the#chroD#matographic#analysis#were#determined#to#be#5#ng/µL#for#the#HPLC#and#0.1#ng/µL#for#the#LCMS.#Recovery#of#accurate#amounts#of#GS10#added#to#three#0.25#g#samples#of#defatted#canola#meal#(which#does#not#contain#GS10)#were#101.8%#± 4.4%.#
!
2. Results4 and4discussion#
!
2.1. Puriﬁcation$and$evaluation$of$camelina$glucosinolates#
! Characterization##of##the##phytochemical##composition## in##plant#organs,## such##as## leaves##and##seeds,##provides##a##good## insight## to#the# possible# functional# uses# of# these#materials# in# agriculture# (as#potential##pesticides)##and## in##animal##and##human##diets##as## funcD#tional###nutriceutical.###Camelina###has###been###previously###shown###to#contain#ﬂavonoids#in#the#form#of#glycosylated#quercetin#derivatives#(Onyilagha# et# al.,# 2003).#We# have# found# two# forms# of# quercetin#in# seed# extracts:# rutin# (quercetinD3DODrutinoside)# and# rutinD211D#ODapioside.# Fig.# 2# has# a# typical# seed# extract# chromatogram# and#the## chromatograms##of## the##puriﬁed## standards.##Camelina## seeds#contain#three#major#glucosinolates#(Fig.#1),#glucoarabin#(GS9),#gluD#cocamelinin# (GS10)# and#11D(methylsulﬁnyl)undecylDglucosinolate#(GS11).#While#these#compounds#have#been#characterized#in#previD#ous#reports,#(Daxenbichler#et#al.,#1991;#Lange#et#al.,#1995;#Schuster#and#Friedt,# 1998;# Fahey# et# al.,# 2001;#Vaughn# and#Berhow,# 2005)#further#work#on#characterizing# the# role# these#compounds#play# in#the#protection#of#the#plant#and#what#role#they#play#in#the#nutrition#of#the#animals#that#consume#them#have#not#been#conducted#due#to#both#the#lack#of#availability#of#seed#meals#and#puriﬁed#compounds.#We#have#developed#a#method#to#isolate#puriﬁed#glucosinolates#from#camelina#seed#meals#by#extracting#with#methanol#and#using#reverseDphase#ﬂash#chromatography#to#clean#up#the#glucosinolate#fractions,#then#preparative#HPLC#to#separate#the#individual#glucosiD#nolates#and#ﬁnally#by#ion#exchange#chromatography#to#isolate#the#potassium#salts#of#the#glucosinolates.#The#resulting#products#were#used#as#standards# to#develop#a#modiﬁed#analytical#HPLC#method#for#evaluating#glucosinolate# levels# in#seeds#and#meal#samples.#An#example#chromatogram#is#shown#in#Fig.#2.# In#order# to#determine#the#elution#times#of#the#three#glucosinolates,#we#partially#puriﬁed#GS9,#GS10,#and#GS11#to#the#point#that#each#glucosinolate#was#the#major#UV#absorbing#peak#in#the#fraction.#As#the#ionDpairing#agent#used# in# our# HPLC# method# could# not# be# used# in# the# LC–MS,# we#used# an# alternate# LC–MS# method# to# conﬁrm# the# identity# of# the#three# glucosinolates# we# had# partially# puriﬁed# by# its# characterisD#tic# [M−H]− ion,#which#was#506#Da# for#GS9,#520#Da# for#GS10,#and#
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!
Fig.%2.%HPLC!reverse!phase!chromatogram!of!a!seed!meal!extract!from!Camelina!seed.!The!glucosinolates!were!detected!by!monitoring!at!237!nm.!
! 534!Da!for!GS11.!In!addition,!we!converted!the!glucosinolates!in!an!extract!of!camelina!seed!meal!to!their!isothiocyanate!forms!and!ran!the!dichloromethane!extracted!products!on!a!GSMS!and!found!the!3! corresponding! isothiocyanates,!which!were! conﬁrmed! by! a!MS!database!match.!Then!each!of!the!standards!was!run!on!the!HPLC!system!to!obtain!the!correct!retention!times,!as!shown!in!Fig.!3.!The!use! of! the! ionLparing! agent! TBS! gives! excellent! chromatographic!results.!When!run!with!acetic!acid!as!the!ionLpairing!agent!the!gluL!cosinolates!elute!as!GS9,! then!GS10,! then!GS11,!but! the!peaks!are!not!as!symmetric!(data!not!shown).!We! noted! that! the! yields! of! ! puriﬁed! ! glucosinolates! ! from!the! reverse! phase! chromatography! methods! were! fairly! low,! so!we! turned! to! the! larger! scale! counter! current! chromatographic!method.!As!a!result!of!CPC!puriﬁcation!we!have!obtained!fractions!
rich!in!single!glucosinolates!varying!in!their!purity!from!60!to!95%!in!case!of!glucocamelinin.!All!glucosinolates!were!present!in!fractions!that!were!eluted!with!a!mobile!phase!containing!potassium!iodide.!This! step! allowed! us! to! get! puriﬁed! glucosinolates! in! quantities!suitable!for!ﬁnal!preparative!HPLC!separation.!Apart!from!glucosiL!nolates!we!were!also!able! to!obtain!enriched! fractions!containing!other! phenolic! substances! present! in! this! plant!material,! such! as!the!ﬂavonoid!rutin.!At!the!end,!we!obtained!two!fractions!containing!GS9!and!GS10!that!were! chromatographically! very!pure,! and! a! fraction! containL!ing! GS11,! which! contained! detectable! levels! of! GS9! ! and! ! GS11!(Fig.!3).!The!NMR!spectra! for!GS9!and!GS10!were!conﬁrmed.!The!UV!spectrum!of!puriﬁed!GS9!and!GS10!were!similar!to!previously!published!data.!Both!samples!had!an!absorbance!maximum!at!237!
!
!
 
!
Fig.%3.%HPLC!reverse!phase!chromatograms!of!the!semiLpuriﬁed!standards!of!GS9,!GS10,!and!GS11.!
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!
Fig.%4.%Glucosinolate$levels$in$seeds$of$35$camelina$cultivar$accessions$grown$in$seed$yield$trials$in$Ames,$IA$in$2009.$Error$bars$indicate$standard$deviation$of$the$triplicates$for$each$data$point.$
! that$matched$ very$ closely$ that$ of$ sinigrin$ in$ the$methanol/water$mix.$After$freezeGdrying,$both$the$GS9$and$GS10$fractions$resulted$in$dry$ friable$ solids$which$were$ slightly$brown$ in$ color.$Analysis$for$ potassium$ and$ sulfur$ content$ by$ inductivelyGcoupled$ plasma$mass$spectrometry$gave$very$ambiguous$results,$ indicating$either$a$mixed$salt$in$the$solid$or$contamination$by$a$sulfate$salt.$NMR$ analysis$ of$ a$ standard$ addition$ of$ acetone$ to$ a$ solution$of$ GS9$ and$ GS10$ in$ deuterated$methanol$ indicated$ the$ purity$ of$the$solid$GS9$potassium$salt$to$be$72%$containing$23%$water$and$the$ solid$ GS10$ potassium$ salt$ to$ be$ 85%$ containing$ 12%$water.$However,$ the$amount$of$ contaminating$ inorganic$ salts$ and$water$can$ vary$ considerably$ from$ lot$ to$ lot,$ and$may$ lend$ to$ inconsisG$tent$glucosinolate$concentrations$in$the$dry$samples,$especially$as$
many$ glucosinolates$ are$ somewhat$ hydroscopic.$ Using$ the$ value$we$determined$ for$our$GS9$and$GS10$solids,$ the$molar$extinction$coefﬁcients$at$237$nm$were$determined$on$a$set$of$ four$different$dilutions$in$methanol$for$the$GS9$and$the$GS10$salts$by$our$HPLC$method$and$compared$to$that$determined$for$the$sinigrin$standard.$The$molar$ extinction$ coefﬁcient$ for$GS9,$ GS10$ and$ sinigrin$were$determined$to$be$3.5528$× 10−6,$3.5457$× 10−6,$and$3.3493$× 10−6,$respectively.$The$largest$standard$error$obtained$for$the$three$sets$was$±0.6%,$easily$putting$ these$values$within$ the$ same$ range$as$each$other.$As$the$sinigrin$standard$chemical$composition$is$better$deﬁned$and$ its$molar$extinction$coefﬁcient$at$237$nm$ is$virtually$the$same$as$ that$determined$ for$GS9$and$GS10,$we$ feel$ it$ can$be$used$as$a$quantitation$standard$for$the$camelina$glucosinolates$and$
!
!
 
!
Fig.%5.%Glucosinolate$levels$during$the$course$of$seven$days$sprouting$studies$shown$as$mg/g$dry$weight.$The$seeds$had$38%$hexane$extractableGlipids,$the$sprouts$were$typically$10%$or$less$dry$weight.$Error$bars$indicate$standard$deviation$of$the$triplicates$for$each$data$point.$
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! even!other!aliphatic!glucosinolates!for!which!a!pure!standard!is!not!available.!
!
1.1. Analysis$of$camelina$glucosinolates!
! This!analytical!method!was!used! to!examine! the!glucosinolate!content! in! cultivars! of! camelina!!being! grown! in! several! !Ameri>!can! states! and! Canadian! provinces.! An! example! of! cultivar! study!grown!in!Ames,!Iowa,!during!the!2009!growing!season!is!shown!in!Fig.!4.!As!usual!there!are!moderate!to!large!variations!in!accumula>!tion!levels!of!the!glucosinolates!between!the!cultivars.!These!levels!are! affected! by! environmental! conditions! as!well.! A! good! robust,!reproducible!method!of!analysis!is!important!for!the!evaluation!of!this! crop.! The! values! shown! are! for! the! fully! defatted! seed!meal.!The!seeds! in! this!study!contained!between!21%!and!36%!hexane!extractable!oil! (data!not!shown).!Typically!pressed!camelina!seed!meal!will!retain!5–10%!residual!oil.!We!also!examined!the!levels!of!glucosinolates!in!camelina!dur>!ing!the!course!of!sprouting!as!shown!in!Fig.!5.!In!general!the!levels!dropped!dramatically!during!the!7>day!course!of!sprouting,!but!the!sprouts! do! contain! measurable! levels! of! GS9! and! GS10.! Broccoli!sprouts!are!a!source!of!glucosinolates!and!camelina!could!be!used!in!similar!fashion.!This!methodology!has!been!used!to!quantify!glucosinolate!levels!in!meals!used!for!feeds!for!egg!laying!chickens!(Kakani!et!al.,!2012)!and!for!dairy!cattle!(manuscript!in!preparation)!in!preparation!for!getting!approval!to!use!camelina!as!a!feed!ingredient.!The!next!step!will!be!to!determine! if! the!camelina!glucosinolate! isothiocyanates!have!similar!activity!to!sulforaphane.!With!the!quantities!that!can!be! puriﬁed! with! the! methods! described! here! it! will! be! possible!to!produce!the!quantities!required!for!the!biological!experiments.!This!may!make!camelina!seed!meal!an!even!more! important! feed!and!possibly!a!food!ingredient!due!to!its!characterized!nutriceutical!composition.!
!
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